Characterization of microorganisms from the deep subsurface that produce antimicrobial substances by Staudaher, Michael Victor
UNLV Retrospective Theses & Dissertations 
1-1-1996 
Characterization of microorganisms from the deep subsurface 
that produce antimicrobial substances 
Michael Victor Staudaher 
University of Nevada, Las Vegas 
Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds 
Repository Citation 
Staudaher, Michael Victor, "Characterization of microorganisms from the deep subsurface that produce 
antimicrobial substances" (1996). UNLV Retrospective Theses & Dissertations. 3221. 
https://digitalscholarship.unlv.edu/rtds/3221 
This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV 
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the 
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from 
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself. 
 
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized 
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu. 
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may be 
from any type o f computer printer.
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in reduced 
form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6” x 9” black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly to 
order.
UMI
A Bell & Howell Information Company 
300 North Zed) Road, Ann Arbor MI 48106-1346 USA 
313/761-4700 800/521-0600
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHARACTERIZATION OF MICROORGANISMS FROM 
THE DEEP SUBSURFACE THAT PRODUCE 
ANTIMICROBIAL SUBSTANCES
by
Michael V. Staudaher
A thesis submitted in partial fulfillment 
of the requirements for the degree of
Master of Science
m
Biology
Department of Biological Sciences 
University of Nevada, Las Vegas 
August, 1996
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number: 1381044
UMI Microform 1381044 
Copyright 1996, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized 
copying under Title 17, United States Code.
UMI
300 North Zeeb Road 
Ann Arbor, MI 48103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The Thesis of Michael V. Staudaher for the degree of Master o f Science in 
Biology is approved.
Chairperson, Dr. Charles E. Deutch, Ph.D.
Examining Committee Member, Dr. Dawn S. Neuman, Ph.D.
xgpining Committee A ^ i^ e r , Dr. James Jay, Ph.D.
— / y i .
Examining Committee Member, Dr. Patricia M. Steubing, Ph.D.
Graduate FacultyRepresq^tive, Dr. Wanda J. Taylor, Ph.D.
Dean of the Graduate College, Dr. Ronald Smith, Ph.D.
University of Nevada, Las Vegas 
July 1996
n
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
© 1996 Michael V. Staudaher 
All Rights Reserved
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
A group of 95 actinomycete-like bacterial isolates were obtained from 
tlie deep subsurface at tlie Nevada Test Site. These isolates were screened 
for the ability to inhibit tlie growth of selected challenge organisms. A subset 
of 12 isolates were found to produce antibacterial substances during tlieir 
growtli and were termed bioactive. It was hypothesized that because tlie 
isolation source was solid rock, some of tlie bioactive isolates would require 
tlie presence of a surface in order to make antibiotic substances, and tliat 
some of these isolates would fail to produce antibiotics when grown in broth 
culture alone. It was fiirtlier hypotliesized that tlie addition of an exogenous 
surface to brotli cultures of liquid medium-deficient antibiotic producers 
would restore tlie lost antibiotic production in some isolates.
Nine of the 12 bioactive isolates failed to produce antibiotics when 
grown in liquid medium and 6 of tliose 9 liquid medium-deficient isolates 
could be induced to manufacture antibiotics witli the addition of an exogenous 
surface to tlie brotli cultures.
lii
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Characterization and profiling studies performed on the bioactive 
isolates revealed tliat each was a unique isolate and that they were all capable 
of cross inliibiting each other to varying degrees. The bioactive isolates also 
appeared to be different fi'oin similar non-bioactive isolates obtained from the 
same sample sites.
Tlie deep subsurface at tlie Nevada Test Site has provided a rich and 
novel source of bacterial isolates, some of which possess unusual properties. 
Tlie ability of the bioactive isolates to produce antibiotic substances may be a 
means by which they increase tlieir evolutionary fitness under conditions of 
limited nutrient availability, however, the true purpose of the observed 
bioactivity is not known.
IV
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CHAPTER 1 
INTRODUCTION
Actinomycetes are mainly found in soil, witli tlieir primary ecological 
role being tlie decomposition of organic matter. Many actinomycetes also 
produce bioactive compounds during their growth and have provided over 
two-thirds o f the naturally occurring commercial antibiotics (active against 
prokaryotes) as well as otlier novel and useful compounds which are active 
against a variety of eukaryotic cells (Li, 1989; Nishimura et al., 1989; Gootz, 
1990; Huck et al., 1991). Actinomycetes are ubiquitous in tlie enviromnent 
and can be readily obtained from most soils, altliough particular species are 
not universally distributed in tlie same soils (Nolan and Cross, 1988). The 
ability to obtain rock from geologically isolated sites such as the Rainier 
Mesa tunnel systems and Yucca Mountain (Nevada Test Site) may provide a 
unique source of subsurface rock and potentially novel sources of 
actinomycetes.
Actinomycetes are members of tlie domain Bacteria and form one of
1
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its major lines of decent. Tliis line includes Bifidobacterium bifidum, 
Acidothermus cellulolyticus, Actinomyces bovis, strainTH3 and Atopobiiim 
mimitum as measured by 16S rRNA sequence divergence. The 
“Actinomycetes” branch, separates witliin tliis group and includes 
Bifidobacterium bifidum, Acidothermus cellulolyticus m d  Actinomyces bovis 
only. Suprageneric classification of tlie actinomycetes is not yet possible 
based on the results of 16S rRNA sequence analysis, but the actinomycetes 
form one of the two major branches of the Gram positive eubacteria. 
Actinomycetes are some of tlie most diverse and morphologically complex of 
all eubacteria, in fact, Bergey’s Manual of Systematic Bacteriology (Williams 
et al., 1989) separates tlie prokaryotes into four divisions one of which is tlie 
actinomycetes. Many genera of actinomycetes exist and Volume 4 of 
Bergey’s Manual separates tliese into vernacular sections based on molecular, 
chemical, morphological and otlier phenetic data. The sections include tlie 
Nocardiform actinomycetes, actinomycetes with multiocular sporangia, 
Actinoplatetes, Streptomycetes and related genera, Maduromycetes, 
Thermomonospora and related genera, Thermoactinomycetes and other 
genera (Embley and Stackebrandt, 1994; Staley and Krieg, 1989).
Actinomycetes are brandling Gram positive eubacteria tliat have a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
filamentous morphology and contain DNA rich in guanine and cytosine. 
They are, in general, aerobic organisms (few strict anaerobes), but most 
possess the ability to grow in microaeropliilic environments. They are most 
commonly isolated fi’om soils, but the isolation source material is also of 
some importance. For example, tlie upper 4 cm of soil is where tlie liigliest 
microbial activity in general takes place, and hence, is where tlie most likely 
and abundant actinomycete reservoir lies (Labeda and Shearer, 1990).
Streptomyces are some of tlie most abundant soil actinomycetes. Tlie 
most common actinomycetes change, however, as the soil source becomes 
more arid and alkaline, such as tlie soil/rock firom Yucca Mountain and 
Rainier Mesa. In this type of environment one would expect to find otlier 
actinomycete genera such as Actinoplams and Streptospomngium 
predominating, whereas in more neutral or acidic environments they are rare 
(Labeda and Shearer, 1990). Conversely, hardy actinomycetes such as 
Streptomyces and Micromonospora, when present, are able to survive quite 
well in dry soils for many years and miglit also be expected to be found 
among the subsurface isolates. Room temperature storage for extended 
periods also does not seem to affect tlie viabihty of these organisms (Labeda 
and Shearer, 1990) and very long-term, moderate temperature survival is
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4thouglit to have occurred witli tlie bioactive isolates obtained from tlie 
subsurface at the Nevada Test Site (Amy et al., 1992 and Haldeman et al., 
1993). Unlike relatively nutrient-rich surface soils, from which many 
commercially important actinomycetes have been isolated, tlie deep 
subsurface is a unique microbial source because it is composed of rock that is 
relatively devoid of organic material and not recently impacted by subsurface 
activities or water recharge.
Since the early 1940's, large scale screening programs for 
actinomycetes have yielded many important and novel bioactive compounds; 
tlie first was Streptomycin in 1943. Because of intense interest in discovering 
novel isolates and their associated bioactive compounds, many attempts at 
isolation of actinomycetes have been made. The screening efforts resulted in 
the isolation of over 1000 species of Streptomyces between 1940 and 1957. 
The number grew over the next 13 years to approximately 3000 reportedly 
new species (O’Donnell, 1988). Classification of a new species was based 
mainly on the isolation of an organism tliat produced a novel bioactive 
compound, as well as a few selected morphological characteristics. Many of 
the species, however, were not new, but were described as such in patent 
applications. Because of this confusion tlie International Streptomyces
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5Project (ISP) was established in tlie 1960's to define reliable descriptions for 
these organisms (O’Doimell, 1988).
Althougli most of tlie antibiotics produced by actinomycetes come fi-om 
Streptomyces, otlier “rare” actinomycetes (because tliey are isolated less 
often) also produce tliem. Tlie most diverse antibiotic producers o f tlie group 
of “rare” actinomycetes are species of the genera Nocardia and 
Micromonospora. Antibiotic groups produced by actinomycetes include 
aminoglycosides, macrolides, anasmacrohdes, P-lactams, peptides, 
glycopeptides, anthracylines, tetracyclines, nucleosides, polyenes and 
quinones (Okami and Hotta, 1988).
Screening programs for actinomycetes have been driven mainly by 
economic factors. They have, in the process, yielded interesting ecological 
data about actinomycetes in natural environments. For example, tlie specific 
isolation site can be important in recovery of a novel actinomycete, as 
illustrated by S. tenjimariensis. Tliis organism was isolated only fi-om tlie 
soils on tlie shore of a small island in Japan, as a result of using specific 
antibiotics in tlie isolation medium. Tliis organism has not been recovered 
elsewhere, including otlier sites in Japan, and its antibiotic resistance and 
plasmid profiles appear to be unique (Okami and Hotta, 1988). It is.
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Gtherefore, probable tliat otlier terrestrial isolation sites miglit also yield unique 
actinomycete isolates wliich produce novel antibotics.
Screening programs for useful metabolites of actinomycete genera have 
centered mainly on the family Streptomycetaceae\ however, otlier 
actinomycete genera also produce potentially useful compounds (Li, 1989). 
Antibiotics are usually produced following the logarithmic growtli phase of 
the microorganism, and tlierefore, are termed secondary metabolites (Silver 
and Bostian, 1991). Tlie requirements for growtli and production of 
secondary metabolites have been shown to vary (Silver and Bostian, 1990; 
Steele and Stowers, 1991). Secondary metabolites are sometimes produced 
only if tlie branching and filamentous structure of tlie organism is maintained 
(Shomura et al., 1979). A subset of bioactive actinomycetes only produces 
the bioactive compounds when grown on a solid agar surface, and do not 
produce tliem when grown in brotli culture. In a survey conducted by 
Shomura et al., (1979), over 6500 actinomycete isolates were analyzed for 
the production of antibiotics on agar surfaces only. A very small percentage 
(0.4%) of these isolates were found to possess tlie surface-requiring 
characteristic.
Tlie Nevada Test Site (NTS) was established in January of 1951 for tlie
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
purpose of instituting a United States continental nuclear testing site (Figure 
1.1). Sixteen days after its opening the first atomic device, a 1 kiloton bomb, 
was detonated in the atmosphere above Frencliman Flat (Figure 1.2). The 
need for a United States-based testing site had been created by such events as 
tlie Korean conflict, wliich tlireatened the security o f testing in tlie Pacific 
islands. A few of the detonations at Frenchman Flat caused minor property 
damage 105 km away in Las Vegas, Nevada. Because of this situation and 
because the Atomic Energy Commission (AEG) wanted to expand the site, 
testing was moved from Frenchman Flat to Yucca Flat (Figure 1.2). A series 
of 12 areas was established at Yucca Flat for tower, surface, balloon, air drop 
and tumiel detonations (Department of Energy, 1993).
Above ground nuclear testing was ended in 1958 when a testing 
moratorium was ordered by tlien U.S. president, Dwight D. Eisenliower. In 
1961, however, pressure from renewed nuclear testing by the Soviet Union 
forced tlie U.S. to follow suit, and tlie era of underground nuclear testing 
began in a series of tunnels tliat were dug in Areas 12 and 19 of tlie NTS 
(Figure 1.2).
Rainier Mesa is contained within Area 12 o f tlie NTS and it is the 
liighest o f the group of mesas and ridges bordering the nortliwest edge of
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8Yucca Flat. It is situated approximately 140 km northwest o f Las Vegas, 
Nevada (Benson, 1976). A network of tunnels, referred to as adits by tlie 
Department of Energy (DOE), have been mined into the mesa at various 
locations (Jacobson et al., 1986). The tunnel systems pictured in Figure 1.3 
are designated U12b, U12g, U12n and U12p. Tliese tunnels vary in vertical 
depth from 50 meters in U12b to 450 meters in U12g, and tlieir gravimetric 
moisture content also varies from 4% in U12p to 25% in U12n (Haldeman 
and Amy, 1992).
Tlie surface and tunnel systems of Rainier Mesa were the sources of 
actinomycete isolates for tliis investigation. No nuclear testing was 
performed in tlie tunnels areas where samples for tliis study were obtained. 
The tunnels were used mainly as access corridors to areas where nuclear tests 
were performed. They are nearly horizontal at the depth tliat tliey were 
mined, witli the exception of a slight slope upward from tlie portal (tunnel 
entrance) to facilitate drainage of water.
Rainier Mesa was formed approximately 13 milhon years ago from 
mainly volcanic ashfiow events. The volcanic activity and subsequent 
compaction of tlie resulting asliflow led to tlie formation of geologic strata 
referred to as ashfiow tuff. In Rainier Mesa, ashfiow tuff varies markedly in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9composition as a result o f both depositional and post-depositional processes. 
Depositional processes were influenced by whether or not the volcanic 
eruptions occurred vertically and if tliey retained enougli heat upon deposition 
to allow welding. Welding occurred via tlie melting togetlier o f small 
volcanic glass shards (vitric material) when eruptive events deposited very 
hot ash. The less this process occurred tlie more friable was tlie vitric 
material. The more this process occurred the more solid, or welded was tlie 
vitric material. Post-depositional processes, such as zeolitization, also played 
a role in defining the tuff layers in Rainier Mesa.
In some areas of Rainier Mesa, zeolitization of the tuffs occurred as a 
result of an ion exchange process between water, eitlier saturated in the tuff 
or recharged from tlie surface into the tuff, and the tuff itself during post- 
depositional processes. Zeotilized tuff is composed of any number of 
hydrous silicates of aluminum, sodium or calcium found in tlie cavities of tlie 
igneous rock. Tlie process of remineralization caused the blockage of the 
pores in tlie water-saturated rock layers resulting in layers essentially 
impermeable to water and devoid of organic material (Story et al., 1996).
Altliougli water movement in tlie zeolitized layers is thouglit to be 
negligible, occurring only tlirough fracture flow mechanisms, water movement
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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tlirough the non-zeolitized layers can occur by tliree means: matrix flow, 
fracture flow, or a combination of matrix and fracture flow (Amy et al., 1992; 
Russell et al., 1988; Story et al., 1996). Water transit time is most rapid by 
fincture flow, as determined by dating (Amy et al., 1992). The presence, 
however, of tlie water-impermeable zeolitized layers indicates tliat tliis water- 
saturated rock has been geologically isolated since the time of zeolitization. 
The process of zeolitization was tliouglit to have occurred quite rapidly after 
the actual rock matrix formation or diagenesis 13 milhon years ago. It is 
thouglit to have been largely complete by about 12 million years ago (Chuck 
Russell, pers. com.). Tliis places tlie potential age of tlie isolates from deep 
zeolitized layers at perhaps 12 milhon years old.
Tlie lateral movement of water in tlie saturated, zeolitized tuffs is 
largely neghgible. Therefore, water movement in connected fractures does 
not affect tlie surrounding rock matrix. It is also not considered a source of 
contamination from tlie surface (Story, 1996). Pore water in tlie zeolitized 
layer is thouglit to have been trapped in place since the time of zeolitization. 
Dating of the pore water has, however, been impossible because nuclear 
devices were detonated in tlie area, contaminating tlie site with trace amounts 
o f radioisotopes (Chuck Russell, pers. com ).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Tlie tunnel systems of Rainier Mesa offer a unique opportunity to 
sample the indigenous microbial community o f the deep subsurface in a tliree- 
dimensional manner tliat otlier methods, such as coring, cannot acliieve 
(Haldeman et al., 1993).
In 1992, under tlie direction of Dr. P. S. Amy of the University of 
Nevada, Las Vegas, heterogeneity and characterization studies of tlie 
recovered microbiota from Rainier Mesa tunnel systems were begun witli 
support from the Department of Energy, Subsurface Science Program. Tlie 
research was performed using samples of terrestrial deep subsurface rock and 
water obtained from the tunnel systems. The tunnel systems (B, G, N and P 
tunnels. Figure 1.3) were sampled for culturable microorganisms, and the 
resulting microbial isolates were purified and characterized (Haldeman and 
Amy, 1993). A number of isolates from the tunnel survey had the appearance 
of actinomycetes, i.e., aerial mycelia, tlie presence of spores and diphtlieroid- 
like cells under the microscope, and a musty characteristic odor (Williams et 
al., 1989). These actinomycete isolates were eliminated from fiirtlier study by 
tlie subsurface investigators because of the difficulties associated with the 
characterization of these organisms. It was with these isolates that the 
investigations of tins research began.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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I hypothesized that some of tlie actinomycete isolates obtained from 
the subsurface at the NTS would produce bioactive compounds tliat were 
inliibitory to eubacteria (antibiotics). Because of the unique isolation source 
o f the bioactive isolates, I further hypothesized tliat a greater tlian expected 
percentage of tliose organisms expressing bioactive substance production on 
the surface of agar plates would fail to produce these bioactive compounds 
when grown in brotli culture. Furtliermore, I hypotliesized that a subset of 
those surface-requiring isolates would be antibiotic production inducible, in 
brotli culture, with tlie addition of an exogenously added substrate or 
“surface” .
The following chapters describe the screening of tlie subsurface 
isolates for inliibitory substance production, the characterization of tliose 
isolates found to be bioactive, conditions wliich affect tlie formation of tlie 
antimicrobial compounds, characterization o f the antimicrobial substances 
produced by the bioactive isolates and cross inliibition studies of 
antimicrobial activity observed between tlie bioactive isolates.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1.1:
A map indicating tlie location of the Nevada Test Site in tiie State 
of Nevada.
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Figure 1.2:
A map of tlie Nevada Test Site indicating the location of Yucca 
Mountain, Yucca Fiat, Frenchman Flat and Rainier Mesa in Area 12.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1.3:
A map o f Area 12 of tlie Nevada Test Site indicating tunnel locations 
and sample sites along Rainier Mesa.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CHAPTER 2 
SCREENING OF ACTINOMYCETE ISOLATES
Abstract
Ninety four actinomycete isolates were obtained from volcanic asliflow 
tuff from surface and various deep subsurface tunnels in Rainier Mesa, 
Nevada Test Site (NTS) as part of a Department of Energy, Subsurface 
Science Program. The tunnels, designated U12n (N-tunnel), U12g (G- 
Tumiel), U12b (B-tunnel) and U12p (P-tuimel), vary in composition from 
zeolitized tuff to more vitric tuff in the order listed. Sample sites varied in 
deptli, tuff composition and gravimetric water content. An additional 
actinomycete isolate was obtained from vadose rock within Yucca Moimtain, 
NTS.
All actinomycete isolates were subcultured for purity and evaluated for 
optimal growtli conditions on actinomycete agar and R2A. Initial isolate 
screening was based on tlie abiUty to inliibit the growtli of selected 
eubacterial strains. The eubacterial strains included Escherichia coli,
19
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Staphylococcus aureus and Pseudomonas aeruginosa, and are referred to as 
“challenge organisms”. Actinomycetes that showed inhibition toward any of 
the challenge organisms were grouped by the challenge organisms inliibited 
and the degree to which the inhibition occurred. A total of 12 of tlie 95 
isolates (12.6%) demonstrated inhibitory activity and tliey are referred to as 
“bioactive isolates” .
Introduction
Actinomycetes are primarily associated witli terrestrial environments. 
However, tliey have also been isolated from botli marine and fresh water but 
in markedly reduced numbers. In fact, tlie majority of the actinomycetes 
isolated from water are thought to have originated from land washed into 
aqueous environments (Lechevalier, 1981).
Actinomycetes are ubiquitous in nature and are found on many solid 
surfaces. They are commonly secondary digesters of complex organic 
material and usually proliferate when most otlier prokaryotic cell populations 
decline. Actinomycetes grow well under conditions of limited nutrient 
availabihty where tlie most readily available nutrients have been depleted by 
otlier organisms, both prokaryotic and eukaryotic (Lechevalier, 1981).
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The subsurface tunnel samples presented a potentially good source of 
actinomycetes because of the minimal organic content, the stability of tlie 
isolation substrate and long isolation. Ninety-five actinomycete organisms 
were, in fact, isolated from subsurface samples.
It was hypothesized tliat some of tlie subsurface actinomycetes would 
produce bioactive compounds winch would inhibit tlie growtli of selected 
challenge organisms. To test this hypotliesis, the 95 actinomycete isolates 
were evaluated in this study for their ability to form bioactive compounds 
wliich inhibited the growth of three eubacterial strains.
Methods
Volcanic tuff samples were obtained from both surface and deep 
subsurface sites on and witliin Rainier Mesa, and Yucca Mountain, NTS, as 
part of the Department of Energy Subsurface Science Program (Amy et al., 
1992; Haldeman and Amy, 1993; Haldeman et al., 1993; Haldeman et al., 
1994; unpubhshed data). Of tlie hundreds of organisms originally isolated, 95 
exlubited actinomycete characteristics. Each was subcultured from a single 
colony on R2A plates, at least 3X, to obtain pure cultures.
All o f tlie isolates were originally grown on R2A agar plates to
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promote maximum diversity and pigment fonnation (Reasoner and Geldreich, 
1985). A comparison of growth on R2A and Bacto Actinomycete Isolation 
Agar (Difco) was performed to determine tlie best medium for use in 
subsequent experiments. The isolates were grown on both media at 25“C, 
28°C, 32 °C and 37 °C because most actinomycetes are mesopliilic. R2A was 
found to produce tlie most consistent growtli and was, therefore, used for the 
remaining experiments.
Each o f the 95 actinomycete isolates was screened for bioactive 
compound production using a modification of a streak plate metliod 
previously described (Kuroya et al., 1949; Uesaka 1950; Shomura et al., 
1979). Tlie modified streak plate method used in tliis study involved 
preparing a line streak of the test isolate onto a petri plate containing an 
appropriate growth medium. The challenge organisms, laboratory strains of 
Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa, 
were tlien line-streaked at a perpendicular angle to tlie actinomycete isolate 
and incubated at 28°C (Figure 2.1).
Tlie challenge organisms were chosen because tliey represented botli 
Gram negative and positive bacterial types, and because tliey were medically 
important. It was observed tliat tlie actinomycete isolates required a longer
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incubation time tlian did tlie challenge organisms. Because o f tlie difference 
in growth rate, the actinomycete isolates were line-streaked onto R2A plates 
and incubated for 24 h prior to tlie inoculation of tlie challenge organisms. A 
positive reaction with tlie modified streak plate test was determined by 
inhibition or diminution in growtli of one or more challenge organisms along 
the original inoculation line (Figure 2.1). Inhibition was evaluated by 
measuring the distance in mm. between the growth line of the bioactive 
isolate and the leading edge of the inhibited challenge organism.
Tlie actinomycetes, which were found to be bioactive or inliibitory to 
tlie challenge isolates, were prepared as freezer stock cultures. Tliey were 
grown on R2A plates at 28°C for 7 days, tlien aseptically scraped from the 
agar surface, mixed with 0.3 ml of a sterile 15% glycerol in dHjO.
The cell mixture was placed in cryovials and stored at -70°C until used.
Results and Discussion
A total of 95 actinomycete isolates obtained from tlie terrestrial 
subsurface at the NTS were screened for their ability to inhibit the growtli of 
challenge organisms. A subset of 12 isolates exlubited evidence of the 
production of growth inhibiting substances. The isolate designations and sites
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of isolation are listed in Table 2.1. The NTS sample sites were all witliin a 
close geographic location and the isolation substrate (asliflow tuff) was 
common to each. The composition of this substrate, however, varied as did 
the water content and deptli to surface of the sample sites. Althougli tlie 
composition of the NTS area does not appear to vary greatly at tlie surface 
level, the subsurface at this location is quite variable.
Photographs of the isolates found to be bioactive are shown in Figures 
2.2 and 2.3. Some of the isolates appeared to be morphologically similar to 
those isolated from the same site (Figures 2.2 and 2.3 and Table 2.1). For 
example, the G-tunnel isolates had a common gross morphological 
appearance amongst themselves, as did two of tlie B-tunnel isolates. It was 
possible tliat tliese similar organisms may be clones or related strains of each 
other since tliey were isolated from one site. Tlie data obtained here initiated 
fiutlier investigations, outlined in tlie following chapters, tliat helped elucidate 
the similarities and differences among the isolates tliat appeared 
morphologically similar.
Approximately 12 of 95 (12.6%) o f tlie actinomycete isolates were 
found which exhibited evidence o f the production of growth inhibitory 
substances (bioactive compounds or antibiotics). This percentage is not out
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of tlie ordinary for environmental isolates. The isolates demonstrated 
variability in tlieir patterns of inhibition and the types of challenge organisms 
that were susceptible to the antibiotic substance being produced. The degree 
and extent of inliibition of tlie challenge organisms are indicated in Table 2.2. 
The inhibition o f tlie challenge organisms by tlie bioactive isolates was 
strongest overall for S. aureus, a Gram positive organism. Both Gram 
negative organisms were inhibited to a lessor degree and P. aeruginosa tlie 
least of the group. Pseudomonas sp. are nutritionally versatile and many are 
capable o f degrading many manmade and naturally occurring organic 
substances. These characteristics may, in part, explain why P. aeruginosa 
was tlie most resistant to tlie inhibitory compounds produced by the bioactive 
isolates.
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Figure 2.1:
A: A diagram of the original inoculation lines in the modified streak 
plate method (actinomycete isolate, vertical) (challenge organisms, 
horizontal)
B: A diagram of tlie same plate as in A, except inhibition of challenge 
organisms A and C has occurred.
(+++ inhibition of challenge organism A; greater than 10 mm) 
(Organism B showed no inhibition zone)
(++ inhibition of challenge organism C; between 5 and 10 mm)
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Actinomycete Isolate
Challenge 
Organism A
Challenge 
Organism B
Challenge 
Organism C
B Bioactive Actinomycete Isolate
Inhibition Zone
Challenge 
Organism A
Challenge 
Organism B
Challenge 
Organism C
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Table 2.1. Characterization of sample locations
Bioactive
Isolate
Isolation
Site
Area 12 
(NTS)
Isolation Substrate 
(Ashflow Tuff 
Composition)
Gravimetric 
HjO Content 
(g dry w t')
Distance 
to Portal 
(km)
Depth
to
Surface
(m)
G1A3 G-Tunnel
(UI2g)
Zeolitized grading 
to vitric
11% 1.3 450
G1R5 G-Tunnel
(U12g)
Zeolitized grading 
to vitric
11% 1.3 450
G1T5 G-Tunnel
(U12g)
Zeolitized grading 
to vitric
11% 1.3 450
G4A10 G-Tunnel
(U12g)
Zeolitized grading 
to vitric
22% 1.6 430
NC25T8 N-Tunnel
(U12n)
Fine to course 
grained with 
pumice fragments
25% 1.8 390
TOT 15 N-Tunnel
Surface
Surface soil 3.4% N/A 0
TOT 19 N-Tunnel
Surface
Surface soil 3.4% N/A 0
TOT20 N-Tunnel
Surface
Surface soil 3.4% N/A 0
BTIOl B-Tunnel
(U12b)
Fine grained 5% 0.1 50
BTI02 B-Tunnel
(U12b)
Fine grained 5% 0.1 50
BTI03 B-Tunnel
(U12b)
Fine grained 5% 0.1 50
RAD4B'’ N. Portal
Starter
Tunnel
Welded 4% Unknown 60
' Data obtained from the following sources: Haldeman and Amy, 1992; Haldeman et al., 
1994; Beth Pitonzo, pers. comm.
* This isolate was obtained from the north portal starter tunnel at Yucca Mountain (NTS).
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Figures 2.2 and 2.3:
Photographs of all tlie bioactive subsurface isolates listed in Table 2.1.
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Table 2.2. Challenge organism inhibition by the bioactive isolates
Bioactive
Isolate
Challenge 
Organism  1 
{S. aureus)
Challenge 
Organism  2 
{P. aeruginosa)
Challenge 
Organism 3 
{E. coli)
G1A3 -H -+ -H - ' 1 ' H~+
G1R5 -t-H - NZ +
GITS +++ NZ +
G4A10 -H -+ + ++
NC25T8 + NZ NZ
TOT15 +++ NZ NZ
TOT19 + NZ NZ
TOT20 + NZ NZ
BTIOl + NZ NZ
BTI02 +++ NZ NZ
BTI03 +++ NZ NZ
RAD4B + Not Tested NZ
Reactions are as follows: (+) inhibition witliin 5 mm of the bioactive isolate, 
(++) inhibition within 5-10 mm, (+++) inhibition of greater than 10 mm and 
(NZ) no zone of inliibition. Inliibition experiments were performed on R2A 
media.
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Chapter 3
CHARACTERIZATION OF BIOACTIVE ISOLATES
Abstract
A set of 12 actinomycete-like isolates from Rainier Mesa and Yucca 
Mountain, showing antibiotic activity against Gram positive or Gram negative 
bacteria, was characterized microbiologically.
Colony morphology, microscopic appearance. Gram reaction and 
oxygen requirements revealed both similarities and differences among the 
isolates. However, each organism appeared to be unique as indicated by 
PLFA, MIDI and BIOLOG analyses. The profiles of inliibition against a 
more extensive variety of challenge organisms revealed significant variations, 
even among those isolates which appeared similar in gross morphologic 
appearance. Most o f tlie isolates appeared to be actinomycetes botli 
microscopically and morphologically, and to be distinctly singular organisms 
in comparison witli each other by profiling studies. Tlie isolates also 
appeared to be atypical as a group, by PLFA analysis, when compared to
33
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actinomycetes in general.
Introduction
Actinomycetes are bacterial cells which form brandling filaments at 
some stage o f tlieir growtli. Tlie complexity of filament formation can, in 
some cases, equal tlie morphologic complexity of the imperfect fungi. The 
tenn “Actinomycete” is a generic term used to describe organisms with tliese 
characteristics and encompasses a wide range of bacteria (Williams et al., 
1989). Tlie taxonomy of tlie actinomycetes has been controversial, witli 
many families of tlie order Actinomycetales being changed over time. The 
confusion stems from the fungal-like nature o f the organisms, as well as tlie 
variability in branching. For example, tlie mycelia of an actinomycete may 
remain stable or it may break-up to form coccoid or rod shaped elements, 
which changes its appearance under the microscope. An additional difficulty 
in characterizing tliese organisms arises because tliey can also form 
hydrophobic mycelial filaments, wliich form aggregates in liquid media and 
adliere to surfaces. Actinomycetes also display complex hfe cycles including 
tlieir ability to form spores. The Gram reaction of actinomycetes is variable 
and they do not perform consistently in biochemical and metabohc tests 
(Biolog Inc.).
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It has been shown by others investigating subsurface isolates, that only 
30% of tlie organisms were identifiable by metabolic profiles and hpid 
composition analyses (Amy et al., 1992). This information, togetlier with the 
fact that identification of actinomycetes is in general problematic, led to a 
multi-profile approach to characterization including tlie use of liglit 
microscopy, oxygen requirements, special Gram staining, methyl ester linked 
phospholipid fatty acid (PLFA) analysis, MIDI (Microbial Identification hic.) 
metliyl ester linked fatty acid analysis using gas cliromatography/mass 
spectrometry, as well as BIOLOG assays specifically designed for use with 
actinomycete and fimgal organisms. Because of tlie variabihty and difficulty 
ill handling and identifying tliese organisms, it was thouglit, for tlie purposes 
of tliis study, tliat tliis approach to characterization would be tlie most useful.
Methods
A stereo microscope was used for elucidation of colony type, color and 
mycelial appearance. Gram reactions were performed in tliree ways because 
of the difficulty in obtaining a consistent result. The metliods included 
standard Gram staining (crystal violet solution for 1 min.. Gram’s iodine 
solution for 1 min., 95% ethyl alcohol for 10 sec. and safi-anin for 10 sec.) 
and a special Gram staining for actinomycetes (aniline-crystal violet solution
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for 2 mill.. Gram’s iodine for 1 min., 95% etliyl alcohol for 30 sec. and 
staining with safranin for 30 sec.)(Lennette et al., 1985). A confirmatory test 
for Gram reaction was also used (Gregersen, 1978). One to two drops of a 
3% KOH solution was placed on a glass microscope slide. Tlie organism of 
interest was scraped off tlie surface of an agar culture plate and the loop 
containing tlie organism stirred in tlie KOH solution. The loop was gently 
lifted firom the KOH-cell mixture and observed for any trailing material 
(DNA) fi-om tlie loop. If material did adliere to tlie loop, tlie organism was 
deemed Gram negative. If no material adliered to the loop, the organism was 
considered to be Gram positive (Gregersen, 1978).
Briglit field and phase contrast liglit microscopy, was employed to 
elucidate differences in the filamentous structure, if any, of tlie bioactive 
organisms when grown on solid and in liquid medium. The bioactive 
organisms were simultaneously inoculated onto R2A plates and into (125 ml) 
Erlenmeyer flasks containing (50 ml) of R2B brotli. Tlie flasks (shaking at 
100 rpm) and agar plates were incubated at 28°C for 5 days prior to 
observation under tlie microscope.
Determination of oxygen requirement was carried out by inoculation of 
each bioactive isolate onto R2A plates and immediate placement into an
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anaerobic chamber witli incubation at 2TC. Tlie plates were checked for 
growtli every few days for two montlis.
Metabolic utilization profiles were determined by BIOLOG spomlating 
and filamentous (SF-N) MicroPlates specially formulated for use witli 
actinomycetes. Tlie plates do not contain an added tétrazolium dye found in 
other BIOLOG plates because it has been found to be toxic to many species 
of actinomycetes (BIOLOG, Inc.). Results are determined by absorbance 
measurements (turbidity) within each well. For preparation of inocula, each 
bioactive isolate was grown on R2A medium for 5 days at 28°C. The 
organisms were removed firom the plates using a cotton applicator moistened 
witli a sterile 0.2% Carageenan Type II (Sigma Chemical Co. product 
#CI 138) solution. Tlie applicator was agitated in 5 ml of 0.2% carageenan 
and tlie 0D;% of tlie solution was adjusted to 0.22 ( 60% transmittance). A 
1.5 ml portion of tlie mixture was diluted tenfold witli 13.5 ml of the 0.2%  
carageenan, and tlie resulting suspension inoculated into tlie SF-N plate (100 
pi per well). Tlie plates were incubated at 26“C for 5 days, and scanned daily 
using a BIORAD 550 plate reader. Duplicate plates of each bioactive isolate 
were prepared and tlie results were combined.
Fatty acid content analysis as determined by MIDI and PLFA profiles
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were performed in tlie laboratory of Dr. David Wliite under tiie direction 
David Ringeiberg at tlie University of Tennessee, Center for Environmental 
Biotechnology (CEB). All Bioactive isolates were screened except RAD4B 
and BTIOl. MIDI analysis, however, was subsequently performed on 
RAD4B by Jim Meldrum at tlie Harry Reid Center for Environmental Studies, 
University o f Nevada, Las Vegas. Some actinomycetes obtained from tlie 
subsurface sample sites wliich were not bioactive were included in tlie PLFA 
studies for comparison of dendrogram groupings.
More extensive antimicrobial profiles were also performed for all 
bioactive isolates except RAD4B and BTIO l. Each bioactive isolate was 
line-inoculated onto R2A agar plates in duplicate, allowed to incubate for 24 
h at 28°C, and secondarily line-inoculated witli each of 16 challenge 
organisms using the modified streak-plate metliod. The plates were incubated 
for 24 h at 28°C and zones of inhibition scored.
Results and Discussion
The 12 bioactive subsurface isolates were characterized for differences 
and similarities in colony morphology, microscopic appearance, oxygen 
requirements. Gram reaction, metabolic responses to various substrates.
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phospholipid fatty acid composition, and profiles of inliibition against a 
variety of challenge organisms. Similarities in colony morphology (Table 3.1) 
were observed witliin all of tlie G-tunnel isolates and witliin tlie B-tunnel 
isolates, witli the exception of BTIOl which appeared different. Isolates 
NC25T8 and T0T15 were similar in appearance, but TOT 15 was the only 
organism to produce a difiusible pigment. Tlie remainder of tlie isolates 
resembled other bioactive isolates to a degree, but had distinct attributes.
All of the subsurface bioactive isolates were ultimately determined to 
be Gram positive. However, tlie staining of these isolates was variable and 
required repeated Gram staining by two different methods, as well as a 
confirmatory test to establish this property. All of the bioactive isolates grew 
best under aerobic conditions. When the isolates were placed under 
anaerobic conditions, tliey grew quite slowly, but appeared morphologically 
similar to those grown aerobically.
Liglit microscopy revealed obvious filaments and/or filament fi’agments 
for all isolates except BTI02, BTI03 and RAD4B, which appeared as 
coccobacilli with possible fragments (Table 3.2). Centrifuged spent growth 
brotlis of tlie isolates were extremely difficult to pass tlirougli 0.45 pm filters 
even under liigh pressures. Altliough appearing completely clear, sometliing
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ill tlie spent broth clogged the pores of the filter membranes during passage. 
Tliis clogging miglit have been due to fi-agments or possibly fine filaments 
from tlie growtli of these isolates, or to tlie production of some polymer or 
aggregate.
Metabolic testing witli BIOLOG SF-N microtiter plates revealed 
patterns of metabolic utilization wliich differed from isolate to isolate.
Because of the marked variability of metabolic responses, positive reactions 
were defined as at least a 70% increase in absorbance over tlie control well. 
Tliis stringent requirement was designed to help overcome the response 
variability of the organisms, but it may also have eliminated reactions tliat 
were positive. No database or normal pattern of response established is for 
tlie SF-N plates and so tliey were used here to simply assess metabolic 
differences among tlie isolates. Althougli a number of substrates were 
commonly used by all the isolates, enougli variability existed in the response 
patterns to define tlie isolates as individuals.
The MIDI identification of tlie isolates was attempted, but tlie results 
were difficult to interpret because there is only limited database information 
available on known actinomycetes. Because the actinomycetes contained 
witliin tliis database had been grown anaerobically, tliere was mismatching of
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the isolates or no matcliing at all. The liigliest similarity index for any 
bioactive isolate was 0.227, wliich is considered a very poor match even by 
the standards used for environmental organisms. Tlie MIDI data, when 
compared internally among the isolates did show similarities between some of 
the isolates. For example, the G-tunnel isolates, wliich showed some type of 
match, all correlated to tlie same organism in tlie database library. Altliougli 
tlie similarity indexes were very low, in all cases there was an established 
correlation between similar MIDI results and similar colony morphology 
among tlie isolates.
Tlie PLFA analysis was most informative and revealing of tlie tests 
performed, although it had limitations as well. Again, identification of 
specific organisms was impossible because of tlie limited database for 
actinomycetes. More informative, however, was tlie dendrogram analysis 
based on tlie lipid profiles of botli bioactive isolates and a selection of non- 
inliibitory actinomycete strains isolated from the same tunnel areas (Tables 
3.3a, 3.3b and Figure 3.1). In tliis analysis, bioactive and non-bioactive 
isolates grouped togetlier, respectively, and tliese groupings did not overlap, 
witli tlie exception of tlie non-bioactive isolate N524F. Tliis isolate, wliile 
associated with tlie inhibitory isolate branches, lies outside tlie observed
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bioactive groups. This isolate may indeed be an inliibitory organism, but one 
not detected under tlie parameters used in tliis research. In addition, tliis 
organism may not produce its antibiotic during laboratory cultivation of any 
type (Shomura et al., 1982).
Tlie observed differences between tlie inliibitory and non-inliibitory 
isolates may be related to tlie synthesis of hydroxy or monoenoic PLFAs.
Their presence in bioactive isolates and tlieir absence in the non-inliibitory 
isolates was tlie only difference observed among tlie organisms. The lipids 
may be eitlier markers for phylogenetic lines, or may be directly involved 
witli tlie production of antibiotics in these isolates. Both tlie bioactive and 
non-bioactive isolates lacked a signature lipid, tuberculosteric acid. Tliis 
phospholipid is common to most actinomycetes outside tlie genus 
Streptomyces (David Ringeiberg and George Garrity, pers. comm.). Tlie 
signature lipid should have eluted in the phospholipid profile between 
phospholipids 18:0 and 20:0, but its absence may simply mean it was not 
present in sufficient quantity to be detected in tliis analysis (Tables 3.3a and 
3.3 b). Most o f tlie isolates did not show tlie presence of phospholipid 
18: lo)/7c wliich is also a characteristic of Streptomyces in concentrations of 
less than 1 mole % (Table 3.3 ). The absence of these two phospholipids
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indicates tliat most of the isolates are probably from the genus Streptomyces 
(George Garrity, pers. comm.). Because dry alkaline soils are not 
characteristic isolation sources for Streptomyces, and because of their 
dociunented long survival times (Labeda and Shearer, 1990), a preponderance 
of these organisms among tlie subsurface isolates may indicate that they have 
been physically isolated for a long period of time. Tliis evidence may lend 
support to tlie hypothesis tliat tlie subsurface isolates are very old.
Inliibition profiling o f tlie bioactive isolates revealed unique patterns 
with a variety of challenge organisms (Table 3.4). Some of the challenge 
organisms, A. anatratus, P. fluorescens, P. aeruginosa and a multiply 
antibiotic resistant isolate from a clinical laboratory, showed no signs of 
inliibition by any of the bioactive isolates. In contrast, bioactive isolates 
G1 A3, G1T5, BTI02 and BTI03 showed tlie broadest inliibition patterns.
An important observation was the fact tliat different strains of tlie same 
challenge organism (e.g., S. aureus) demonstrated different patterns of 
inliibition with a particular bioactive isolate. The data indicate the need for 
documenting challenge organism susceptibility responses, because strains of a 
species may not respond in tlie same way to a bioactive isolate.
One organism, A. crystallopoietes, was susceptible to all of tlie
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bioactive isolates. In addition to A. crystallopoietes, a UNLV laboratory 
strain o f S. aureus (ATCC designation unknown) was found to be universally 
susceptible (not shown in Table 3.4). Tlie laboratory S. aureus appeared to 
exliibit a greater degree of susceptibility to the bioactive isolates tlian A. 
crystallopoietes and, tlierefore, was used as the common challenge organism 
in the remaining experiments (see Chapters 4-5).
In summary, the bioactive isolates are distinct from one another by 
metabolic, PLFA and inhibition profiling, although some appear 
morphologically similar. Tlie bioactive isolates are also distinct, as a group, 
from otlier morphologically similar actinomycetes isolated from the same 
environment. There are distinct phospholipid differences between the 
bioactive and non-bioactive isolates and the subsurface isolates in general 
seem unusual when compared to most actinomycetes.
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Bioactlve
Isolate
Aerial
Mycella/Color
Colony Color/ Gross 
Appearance
DUTusible 
Media Pigment
Motility on 
Agar Surface
Colony Boarders Colony Adherence 
to Agar Surface
G1A3 Yes /  White Brown, raised , nobby - - Irregular Very adherent
GIRS Yes /  White Brown, raised . nobby - - Irregular Very adherent
G1T5 Yes /  White Brown, ra ised , nobby - - Irregular Very adherent
G4A10 Yes / White Brown, raised , nobby - - Irregular Very adherent
BTIOl Yes / White-Tan Tan-Brown, raised, nobby, dry - - Irregular Very adherent
BTI02 - Creamy, gummy - + Irregular Not adherent
BTI03 - Creamy, gummy - + Smooth Not adlierent
TOT15 Yes / Brown-Tan Brown-Black, mostly mycelia Yellow-brown - Irregular Not adherent
TOT19 Yes / Grey-Tan Grey, mostly mycelia - - Irregular Not adherent
TOT20 Yes / White-Black Clear gelatin-like base, nobby - - Irregular Moderately adherent
NC25T8 Y es/Brown-Tan Brown-Black, mostly mycelia - - Irregular Not adherent
RAD4B - Creamy, gummy - + Irregular Not adherent
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Bioactive Isolate Cram Reaction Microscopic Appearance - From Agar Culture Microscopic Appearance - From Broth Culture
G1A3 positive Clumped with filaments present, possible spores Very clumpy without obvious filaments
G1R5 positive Filaments present although few in quantity Similar to agar, but fewer and fragmented filaments
G ITS positive Some filaments in clumped areas, broken filaments Longer chains, single and double coccoid cells
G4AI0 positive Filaments present, aggregates Small chains, single coccoid cells
BTIOl positive Filaments present, aggregates Grew into spheres (balls of filaments), pigment formed
BTI02 positive No obvious filaments, diphtheroid and coccoid cells Similar to agar culture, but cell fragments noted
BTI03 positive No obvious filaments, diphtheroid and coccoid cells Similar to agar culture, but cell fragments noted
TOT15 positive No obvious filaments, aggregates present Grew into spheres (balls of filaments), pigment formed
TOTI9 positive No obvious filaments, aggregates present Grew into spheres (balls of filaments), pigment formed
TOT20 positive No obvious filaments, aggregates present Grew into spheres (balls of filaments)
NC25T8 positive Filaments present, aggregates Chains, singles, doubles, fragment chains
RAD-IB positive No obvious filaments, diphtheroid and coccoid cells Diplococcoid cells, clumpy with cell fragments present
* Gram reaction determined by combining the results of regular Gram staining, aniline Gram staining and 
treatment with KOH (Gregersen, 1978)
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‘ P L F A I/bo iate- G4A10 G1A3 GIRS 1 GITS G lC l TOT15 TOT19 1 TOT20
114:0 0.5 I J 0.9 0.9 0.5 0 0 0
14:0 0 0 0 0 0.5 0 0 0
115:0 22.4 5.9 7.5 8.2 35.7 6.0 24.1 7.7
«15:0 30.5 2.4 2.7 2.6 35.0 13.4 24.5 16.1
2-01114:0 0.5 23 0.9 1.2 0 0 0 0
15:0 0.7 3.9 4.9 3.4 0 1.0 0 13
•16:1 0 0 0 0 0.5 0 0 0
116:0 8.0 19.6 23.1 19.4 3.3 9.0 6.3 12.1
•16:0/16:lu9c 0.5 0 0 0 0.6 0 1.1 0
16:lCi)7c 0.7 0 0 0 0 9.6 0 6.4
br2-OII 15:0a 0 4.4 3.5 5.9 0 0 0 0
16:lu7t 0 0 0 0 0 0 0 0
br2-OH 15:0b 0 1.1 0.6 1.0 0 0 0 0
16:0 6.0 12.2 8.9 12.5 4.9 17.4 15 J 16.8
il7 : lu llc 0.6 0 0 0 1.5 0 1.2 4.7
I17:lw7c 0 0 0 0 0 5.1 0 0
a l7 :lu llc 0 0 0 0 0.6 0 0 3.4
■17:lu7c 0 0 0 0.5 0 53 0 0
117:0 9.5 1.4 2.8 4.2 7.6 8.1 14.2 9.8
•17:0 15.7 8.2 11.0 11.0 9.4 22.0 11.8 19.5
2-01116:0 1.1 7.4 3.4 4.4 0 0 0 0
cyl7:0 0 0 0 0 0 0 0 0.9
17:0 3.4 25.5 26.9 18.4 0 1.0 0 1.4
brl8:0 0 0.6 0 0 0 0 0 0
118:0 0 0 0 0.5 0 0 0 0
18:1(j 9c 0 0.6 0.5 1.1 0 1.5 0.6 0
18:lu7c 0 0 0 0 0 0 0 0
18:lu7t 0 0 0 0 0 0 0 0
18:luSc 0 0 0 0.7 0 0 0 0
18:0 0 3.2 2.3 4.1 0 0.6 0.9 0
20:0 0 0 0 0 0 0 0 0
IHnol/mrdw 3876 4244 2587 2944 5563 4764 2956 1276
* PLFA iesl|iielliw «fyliw pN êlFêie;nietiiylbrinching s  indiciled by I*  (iso) second cirtKmfrim the methyl en< te -(in tm o ) tiwdceibon from the methyl end. cy« 
(cydolsnng present or b r*  position tmknoim; the first number (kft o f  colon) -num ber o f carbons m the tmtty add; the first number (light o f  colon) -  number o f  C-C 
bonds; the second number (right ofcolon)-position ofiintislunsaturition from methyl or uen d . last lener.ifpretent*  os or transconfocmstion o f unsatuntion.
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• PLFA i/Iso ta te - BTI02 BTI03 1 NC25T8 |  NS24F N7T10 N10T9 N11T12 1 DFAl
114:0 0 0 0 0.6 0.6 0.5 1.0 0.6
14:0 0.5 0 0 0.5 0.6 0.6 0 0.7
115:0 17.7 0 0 7.1 32.8 31.4 35.0 29.9
#15:0 20.5 0 0 57.1 333 33.5 34.7 30.8
2-OU14:0 0 0 0 0 0 0 0 0
15:0 0 0 0 0 0 0 0 0
•16:1 0 0 0 0 0.5 0 0.5 0.5
116:0 2.4 0 0 8.9 3.8 4.1 33 4.5
al6:0/16:lh>9c 0.6 0 0 0 1.0 0.8 0.5 1.1
16:lw7c 28.4 19J 71.1 0 0 0 0 0
br2-OII 15:0# 0 0 0 0 0 0 0 0
16:lu7l 0 20.5 0 0 0 0 0 0
br2-OH 15:0b 0 0 0 0 0 0 0 0
16:0 13.4 32.8 28.9 12.8 7.0 6.7 3.4 8.0
I17:lb>llc 0.8 0 0 0 1.5 1.2 13 1.4
I17:l«7c 0 0 0 0 0 0 0 0
•17:1(j 11c 0 0 0 0 0.8 0.6 0.6 0.7
•17:l(i>7c 0 0 0 0 0 0 0 0
117:0 4.4 0 0 4.2 8.6 9.2 5.8 10.8
•17:0 5.9 0 0 8.9 9.6 11.5 7.3 11.1
2 OH 16:0 0 0 0 0 0 0 0 0
cyl7;0 0 4.3 0 0 0 0 0 0
17:0 0 0 0 0 0 0 0 0
brl8:0 0 0 0 0 0 0 0 0
118:0 0 0 0 0 0 0 0 0
18:lb>9c 0 0 0 0 0 0 0 0
18:lw7c 5.4 17.8 0 0 0 0 0 0
18:lu7l 0 4.7 0 0 0 0 0 0
18:lu5c 0 0 0 0 0 0 0 0
18:0 0 0.6 0 0 0 0 1.4 0
20:0 0 0 0 0 0 0 53 0
pmol/mcdw 8500 14145 7724 3879 5832 2826 3683 3764
PLFA  4 M (|ia M n >  « (p k w rM Ip M i:  nieihyl In n d ù ig  ■  indictted by I •  (iaol Kcond « b o n  booi Uk nMhyl Old, 1  -  («11090) lUrd cMbon &oni Uw mctbyl Old, cy ■ 
(cyclo) 1 nng pnicnt, or b i •  p n ilia i onfaïown; dw f in i numtar Ik ft o f colon) •  number ofcailxm  in Üw bny  K id; the 6n t  n u m b a  (right ofcolani -  nunlxT o rC -C  
bonds; the MGond n u n b a  (light ofoolanl -  pceitian o f iniliel u m ttm tu n  fiom itKlhyi ot u  end; leit kttei, if  im en t, -  cil oc tn r a  confonnuion of im ntm tkin.
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Figure 3.1:
Tlie actinomycete PLFA analysis. Dendrogram clustering by Ward’s 
Metliod, Euclidean, of inhibitory and non-inhibitory actinomycete isolates 
from tlie subsurface at the Nevada Test Site.
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Challenge Org. - Sourcel/ Bioactive iso. -» GIA3 GIRS G ITS G4A10 TOTIS T 0T I9 TOT20 BTI02 BTI03 NC2ST8
A. anatratus - Assoc. Pathologist Lab. (APL)
S. aureusIMeÛiücùYm Resistant(MR) - APL + + + + + +
S. aureusMR. (2) - APL + + + + + + +
S. aureusMR. - Sunrise Hospital Lab. (SRL) + + + + + +
S. epidermidis/MR - SRL + + + + + +
S. epidermidis/MR (2) - SRL + + + + + + + +
S. epidermidis/MR - APL + + + + + + + +
S. epidermidis/MR (2) - APL + + + + + + +
Multiply antibiotic resistant isolate - SRL +
Multiply antibiotic resistant isolate (2) - SRL
E. coli - (ATCC 254UQ) + + +
B. subtilis - (ATCC 6051) + + + + +
P. vulgaris - (ATCC 13315) + + + + +
A. crystallopoietes - (ATCC 15481) + + + + + + + + + +
A. globiforntis - (ATCC 6010) + + + + + + + +
M  smegmatis - (ATCC 14468) + + + + +
P. Jluorescens - (Lab. ATCC # unknown)
P. aeruginosa - (Lab. ATCC # unknown)
+ Indicates any degree of inhibition to the challenge organism by the bioactive isolate. An empty box indicates no detectable inhibition. VI
CHAPTER 4
CONDITIONS AFFECTING THE FORMATION 
OF ANTIMICROBIAL COMPOUNDS
Abstract
Twelve bioactive isolates obtained from the deep subsurface at tlie 
Nevada Test Site (NTS) exliibited antimicrobial activity when grown on tlie 
surface of an agar plate. Nine of the 12 (75%) did not produce antimicrobial 
compounds when grown in broth culture even under a variety of conditions. 
However, six o f tliese organisms could be induced to make inliibitory 
compomids by the addition of a substrate or “surface” to the brotii culture. 
These six isolates varied in tlie degree and pattern of response to the various 
added surfaces, but no single substrate induced antibiotic formation for all of 
the isolates. These results emphasize the importance o f a solid substrate in 
antibiotic formation by these actinomycetes. The loss o f inhibitory abihty in 
isolate G1 A3 over time was also investigated and it was determined tliat the 
inliibitory abihty in tliis isolate was able to be resuscitated under conditions of
52
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surface addition.
Introduction
A significant number o f actinomycete species (mostly Streptomyces) 
have tlie ability to produce compounds, tliat are inhibitory to tlie growtli of 
otlier microorganisms. Tliis inhibitory compound production usually occurs 
during tlie secondary phase o f the growtli cycle, altliougli production is not 
limited to this phase. Actinomycetes account for nearly two thirds of the 
naturally occurring antimicrobial compounds tliat are in use today (Gootz, 
1990; Nisliimura et al., 1989; Huck et al., 1991; Li, 1989). Although most 
actinomycetes from soil, sediments or water were initially isolated using solid 
culture media, tlie isolation, purification and characterization of the bioactive 
compounds produced by tliese isolates has often involved tlie use of brotli 
cultures. Liquid cultures allow for less complicated manipulation of the 
organisms and for simpler extraction of tlie antibiotic produced. Umezawa 
and Tabata (1949) and later Shomura et al. (1979) demonstrated, however, 
that some actinomycetes produced antibiotic substances when cultivated on 
the surface of an agar plate but not in a broth culture. Electron microscopic 
analysis of tliese surface-dependent organisms revealed tliat tlie loss of tlieir
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filamentous morphology correlated witli tlie loss of tlieir ability to produce 
antibiotics (Shomura et al., 1979). Shomura et al. (1979) surveyed more tlian 
6500 actinomycete isolates and found 1300 of tliose organisms to be 
bioactive. Out of the 1300 bioactive isolates obtained just 25 (0.4% of the 
6500 original isolates) tliat demonstrated tliis pattern. Some of tlie 25 isolates 
were induced to make antibiotic substances via perturbations o f tlie growtli 
conditions including the addition of exogenous surfaces. This surface 
addition allowed organisms to establish local cell to cell interactions or 
filamentous growth structures in the liquid media.
Tlie terrestrial subsurface at tlie NTS presents a unique opportunity to 
survey a new isolation soiuce. The source rock is relatively devoid of organic 
material, not recently impacted by water, and has not been previously 
investigated. Isolates obtained fi’om tliis geologically isolated formation 
referred to as ashflow tuff, may be as old as 13 million years. Altliougli 
endolitliic organisms isolated from this formation may have been transported 
to some sample sites hi more recent thnes (i.e., less tlian 13 million years) by 
fracture water transport, tlie isolates obtained from tliese sites are probably 
quite old. Tliese isolates, therefore, potentially represent a very unique group 
of actinomycetes that have not been previously described. Because of the
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correlation between antibiotic production, morphology and the presence of a 
surface, it was hypotliesized that tlie physical isolation and unique properties 
of ashflow tuff would yield a large percentage of organisms wliich would 
produce antibiotic compounds only on the surface of an agar plate. Some of 
tliese isolates might be induced to produce antimicrobial substances by tlie 
addition of substrates to brotli cultures. Investigations outlined in tliis chapter 
examined the bioactive isolates for their ability to remain bioactive in brotli 
culture, as well as conditions tliat would affect or induce antibiotic production 
in tliese isolates.
Methods
Twelve antibiotic-producing isolates fi’om Rainier Mesa and Yucca 
Mountain, along witli tlie challenge organism, were first inoculated into R2B 
brotli (Reasoner and Geldreich, 1985), actinomycete brotli (Difco), TGYE 
brotli (Difco) and a Iiigli nutrient peptone-containing brain heart infusion 
(BHI) brotli (Difco). Tlie brotli cultures were incubated at 28°C for 7 days 
both statically and witli shaking (100 rpm in a Queue environmental shaker). 
Because the most common and consistent growth patterns occurred in R2B 
brotli cultures, tliis medium was used for all subsequent experiments.
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Moderate agitation of tlie broth cultures (100 rpm) produced tlie greatest 
degree of growtli in brotii, and so, 100 rpm was used as tlie shaking speed for 
the broth cultures.
Flasks containing 50 ml of R2B, along witli 1.0 g of an exogenous 
substrate or “surface” were inoculated with one of tlie 12 bioactive organisms 
and incubated (100 rpm and at 28°C) for up to 14 days. Tlie surfaces 
included Select Agar (BBL), Bacto Agar (Difco), ashed crushed tmmel rock 
(muffle furnace baked at 450°C for 4 hours), sterile ashed glass tubes (outside 
diameter 5 mm, inside diameter 3 mm and length 5 mm), HGT Agarose 
(BBL), Granulated Agar (BBL), samples of crushed tmmel rock obtained 
from a tumiel area near a water seep containing algae, and sterile but not 
ashed crushed tunnel rock specific to tlie tumiel in wliich the isolate was 
recovered. All substrates were autoclaved, and added aseptically to R2B 
brotii.
Duplicate flask cultures were sampled daily using tlie dip test metliod 
(Fredrick Mertz, pers. comm ). Tlie bacteria were allowed to settle on a 
laboratory bench for 30 min. and the edge of a sterile 5 mm filter disk 
(Sclileicher and Schule) was touched to the liquid surface. Tlie disks were 
then placed on the surface of an R2A plate previously spread with 200 pi of
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an ovemiglit culture of a Staphylococcus aureus strain previously shown to 
be susceptible to all 12 bioactive isolates. The R2A plates were incubated at 
28°C overnight and evaluated for the appearance of zones of inliibition around 
the disks, hiliibitory zones, if present, were measured in millimeters and 
recorded.
Experiments investigating the phenomenon of loss or diminution of 
inliibition by a bioactive isolate, during multiple passes in tlie laboratory on 
growth media, were performed. Bioactive isolate, G1 A3, was chosen for 
these experiments because it produced inliibitory substances when grown in 
broth alone and showed signs of the loss of inhibition over time. A culture of 
G1A3 was inoculated into 50 ml o f R2B and allowed to incubate for 3 d at 
28°C with shaking at 100 rpm. A second culture of G1A3, wliich had been 
inoculated onto an R2A plate directly from a freezer stock, was also 
inoculated in tlie same manner. Botli tlie old and new cultures were tested for 
their ability to inliibit a susceptible challenge organism by use of tlie dip test 
method.
The potential for up-regulation of previously diminished antibiotic 
production by a bioactive isolate was also investigated. In this experiment, 
using an older inhibitory-deficient culture of isolate G1 A3, tlie addition of a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
58
surface to the üquid growtli medium was performed. It was hoped tliat tlie 
addition of a surface to tlie hquid culture of an isolate, wliich had lost its 
ability to produce antibiotic substances in liquid medium, miglit induce tlie 
production of antibiotic(s). Isolate G1 A3 was inoculated into R2B and 
allowed to incubate at 28°C witli shaking at 100 rpm for 3 d. The brotli from 
each surface-Gl A3 flask was tested for tlie ability to inliibit a susceptible 
challenge organism by use of the dip test metliod and the results recorded.
Results and Discussion
Bioactive isolates grown in broth and on the surface of solid media had 
marked differences in appearance. A characteristic filamentous morphology 
was present in most of cultures grown on agar surfaces, but rod-like cells, 
fragments and diplococcus type cells were observed hi many cultures during 
growth in broth. Even those isolates wliich produced filaments in brotli 
appeared to produce fewer o f tliem, as well as an alteration in structure when 
compared to cultures grown on agar. There was a correlation between tlie 
alteration of filamentous morphology and the production of inliibitory 
potential: those isolates wliich exhibited decreased filament fonnation also 
showed loss or diminished ability to inliibit the challenge strahi. It was
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hypothesized that production of inliibitory compounds was dependent on tlie 
presence or maintenance of the filamentous growtli structure, and that 
surfaces other tlian agar would stimulate antibiotic fonnation. A total of eight 
different surfaces were investigated including glass tubes, various powdered 
agars, sterile tunnel rock fi*om tlie same areas fi"om which tlie individual 
organisms had been isolated and ashed tunnel rock which was devoid of 
organic carbon. Tlie “surfaces experiment” was based on data from 
investigations previously reported by Ito et al. (1984) and Shomura et al. 
(1979, 1982,1983). These studies had shown tliat additions of such materials 
as agar extract, algae, magnesium or iodine could induce antibiotic 
production. It was not known what in the addition caused tlie induction, but 
it was possible that tlie addition of algae for example, probably supplied ions 
or missing nutrients tliat were required for induction. In tliis research, a larger 
number of surfaces was used to determine if any differences in the type of 
surface affected antibiotic production.
Responses to substrates varied considerably among the isolates and no 
common inducible surface was discovered. O f the 12 bioactive isolates 
tested, tliree (BTI02, T0T15 and RAD4B) produced inliibitory compounds 
regardless of the presence or absence of an exogenous surface added to the
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brotli culture (Table 4.1). Three other isolates (TOT20, TOT 19 and 
NC25T8) did not produce detectable inliibitory compounds in brotli culture 
luider any conditions tested. Six isolates failed to produce inliibitory 
compounds or produced antibiotic substances weakly when grown in broth 
alone, but could be induced to produce inliibitory compounds if an 
appropriate surface were added to the growth medium (Tables 4.2 - 4.8). 
Among tlie six surface-inducible isolates, G1 A3 showed shglit inliibition in 
brotli without an added surface. It did, however, exliibit marked enliancement 
of its inliibitory ability when a surface was added to the growth medium.
None of the isolates exhibited detectable levels of antibiotic production 
witliin tlie first 24 hours after inoculation, even tliougli visible growtli 
occurred during tliat time. The production of inliibitory substances usually 
began on day 2 and peaked on day 3 or 4. Other investigators have observed 
that organisms wliich produce antibiotic substances only on agar surfaces 
usually begin production around day 5 and peak around day 8 (Ito et al.,
1984). The media used by tliese and otlier investigators were usually more 
nutrient-rich, which may have delayed tlie production of antibiotic compounds 
due to continued vegetative growth.
Stability of the antibiotic compounds produced by the bioactive isolates
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varied, and activity usually diminished or was absent after a week of 
incubation (Tables 4.2- 4.8). Tlie surface addition experiment performed on 
isolate BTI02 (Table 4.7) was of particular interest in tliat all conditions, 
including the absence of a surface, ehcited antibiotic production. However, 
the antibiotic produced lost inliibitory activity except in tlie presence of ashed 
tunnel rock or Bacto agar. Tlie compounds fi’om otlier isolates tliat required 
the presence of a surface for tlie production of antibiotics (G1R5, G1T5, 
G4A10, BTIOl and BTI03) also quickly lost inliibitory ability. Bacto agar, 
granulated agar (BBL) or ashed tunnel rock may provide factors tliat allow 
the production of a complete and/or stable antibiotic or contniued production 
of the inliibitory substance over time. Isolates G1 A3, G1T5, G4A10 and 
BTI03 produced antibiotic substances in the presence of a number of non­
nutrient surfaces includhig ashed glass tubes. Induction of tlie inliibitory 
compounds with addition of glass tubes was probably not due to 
supplementation of a missing growtli factor, as miglit be expected witli tlie 
addition o f various types of agar or otlier potentially nutrient-containing 
surfaces. Of these four isolates, tliree also produced inliibitory substances 
witli the addition of ashed tunnel rock. In tliese cases, inorganic ions, pure 
surface effects or botli could have been responsible for tlie induction process.
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An interesting phenomenon was observed among the bioactive isolates 
after propagation in our laboratory. Laboratory cultures propagated for long 
periods of time lost or experienced a deterioration o f tlieir inhibitory ability.
It was hypothesized that the reason for tliis observed occurrence was the 
result of continued laboratory passage on nutrient rich medium. It was ftirtlier 
hypothesized tliat continued growtli on laboratory medium may in fact allow 
tlie isolates to grow vegetatively, thus not producing the same filaments, 
spores or otlier secondary structure that has been shown to be important to 
the production of inhibitory substances (Shomura, 1979, Ito et al., 1984 and 
George Garrity, pers. comm.).
An experiment was performed to determine if tlie inliibitory activity o f 
a bioactive isolate, with diminished or lost inliibitory activity, could be 
revived. Isolate G I A3 lost its antimicrobial activity in broth culture when 
passed repeatedly in tlie laboratory. Two scenarios were investigated, 
including tlie testing o f a fi-esh freezer stock inoculation of G 1 A3 and tlie 
testing of an old inactive (for antibiotic activity in brotli culture) G1A3 culture 
induced to antibiotic production by tlie addition of a surface. In this 
experiment all of tlie previously tested surfaces were used to stimulate 
antibiotic production, and a number of tliem did revive tlie antibiotic
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production. The inductive surfaces in tins case, included ashed glass tubes, 
BBL Granulated Agar, sterile G1 tunnel rock and ashed rock. Because of tlie 
nature of tlie stimulatory additions, it appeared as thougli only a surface was 
necessary for inliibitory compound production. Tlie only otlier possibility 
may be the presence of inorganic ions tliat could be provided by each of tlie 
listed surface additions allowing for inliibitory compound production.
In conclusion the bioactive isolates obtained from tlie NTS exliibited a 
wide range of antibiotic production response on agar surfaces, in brotli culture 
alone and witli tlie presence of an added substrate. It was shown that 
antibiotic production could be induced or up-regulated in some isolates, but 
the reason for tlie general loss of activity in brotli over time was not clear. It 
was shown, however, tliat some of tlie substrates wliich induced antibiotic 
production did so by surface effects only, tlierefore surface interaction is 
essential for antibiotic production in tliese isolates.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7 3
C D
■ DOQ.
C
gQ.
■D
CD
C/)W
o'3O
3
CD
8
( O '
o
3.
3"
CD
CD"OOQ.Ca
o
3■DO
CDQ.
■D
CD
C /)
C / )
Table 4.1. Antibiotic Production by the Bioactive Isolates Under Different Growth Conditions
Bioactive Isolate Antibiotic Production on 
Agar Plates
Antibiotic Production in Broth 
Culture
Antibiotic Production in Broth 
Culture w/Surface Addition
G1A3 + +*
GIRS + +
G1T5 + +•
G4A10 + +
BTIOl + +
BTI02 + +•’
BTI03 + +
T0T15 + +
TOTI9 +
TOT20 +
NC25T8 +
RAD4B + +
* Showed evidence o f mild inhibition without an added surface, however, inhibition was markedly enhanced by the presence of a surface. 
Produced inhibitory compounds in broth, but lost this ability without the added surfaces ashed tunnel rock or Baclo agar.
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Table 4.2. Surface Addition Experiment for Bioactive Isolate G1A3
Added Surface Sample Day 1 Sample Day 2 Sample Day 3 Sample Day 8
G1 Tunnel Rock 26 mm 25 mm 26 mm
Tunnel Rock w/algae
Bacto Agar (Difco)
No Surface
HGT Agarose (BBL)
Glass Tubes 29 mm 29 mm 28 mm
Ashed Tunnel Rock 11 mm 12 mm 12 mm
Granulated Agar (BBL) 14 mm 14 mm 14 mm
Select Agar (BBL)
Empty boxes indicate no observed zone of inhibition.
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Table 4.3. Surface Addition Experiment for Bioactive Isolate G 1RS
Added Surface Sample Day 2 Sample Day 3 Sample Day 4 Sample Day 6 Sample Day 14
G1 Tunnel Rock
Tunnel Rock w/algae
Bacto Agar (Difco)
No Surface
HGT Agarose (BBL)
Glass Tubes
Ashed Tunnel Rock
Granulated Agar (BBL)
Select Agar (BBL) 23 mm 33 mm
Empty boxes indicate no observed zone of inhibition.
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Table 4.4. Surface Addition Experiment for Bioactive Isolate G1T5
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Added Surface Sample Day 2 Sample Day 4 Sample Day 6 Sample Day 9
G1 Tunnel Rock 8 mm 11 mm
Tunnel Rock w/algae 9 mm
Bacto Agar (Difco) 9 mm 10 mm 7 mm
No Surface
HGT Agarose (BBL) 7 mm 9 mm
Glass Tubes 8 mm
Ashed Tunnel Rock 10 mm 15 mm
Granulated Agar (BBL) 10 mm 10 mm 9 mm
Select Agar (BBL) 24 mm
Empty boxes indicate no observed zone of inhibition.
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Table 4.5. Surface Add: lion Experiment for Bioactive Isolate G4A10
Added Surface Sample Day 2 Sample Day 3 Sample Day 5 Sample Day 7
G1 Tunnel Rock 18 mm 22 mm
Tunnel Rock w/algae 17 mm 22 mm
Bacto Agar (Difco) 12 mm
No Surface
HGT Agarose (BBL)
Glass Tubes 16 mm
Ashed Tunnel Rock 20 mm 30 mm
Granulated Agar (BBL) 16 mm
Select Agar (BBL) 29 mm
Empty boxes indicate no observed zone of inhibition.
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Table 4.6. Surface Add: lion Experiment for Bioactive Isolate BTIOl
Added Surface Sample Day 2 Sample Day 4 Sample Day 5 Sample Day 10
B Tunnel Rock
Tunnel Rock w/algae
Bacto Agar (Difco)
No Surface
HGT Agarose (BBL)
Glass Tubes
Ashed Tunnel Rock
Granulated Agar (BBL)
Select Agar (BBL) 15 mm
Empty boxes indicate no observed zone of inhibition.
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Table 4.7. Surface Addition Experiment for Bioactive Isolate BT102
Added Surface Sample Day 2 Sample Day 4 Sample Day 5 Sample Day 10
B Tunnel Rock 13 mm 15 mm
Tunnel Rock w/algae 14 mm 12 mm
Bacto Agar (Difco) 17 mm 17 mm 15 mm 14 mm
No Surface 13 mm 12 mm
HGT Agarose (BBL) 14 mm 12 mm
Glass Tubes 11 mm 13 mm
Ashed Tunnel Rock 17 mm 13 mm 14 mm 15 mm
Granulated Agar (BBL) 17 mm 13 mm
Select Agar (BBL) 18 mm 14 mm
Empty boxes indicate no observed zone o f inhibition.
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Table 4.8. Surface Addi lion Experiment for Bioactive Isolate BTI03
Added Surface Sample Day 2 Sample Day 4 Sample Day 5 Sample Day 10
B Tunnel Rock
Tunnel Rock w/algae
Bacto Agar (Difco)
No Surface
HGT Agarose (BBL) 10 mm
Glass Tubes 12 mm
Ashed Tunnel Rock
Granulated Agar (BBL) 16 mm
Select Agar (BBL) 15 mm 12 mm
Empty boxes indicate no observed zone of inhibition.
Chapter 5
CROSS INHIBITION OF THE BIOACTIVE ISOLATES
Abstract
All bioactive isolates were tested for their ability to cross inhibit other 
bioactive isolates using a modified streak plate method on R2A medium. 
Wliere cross inhibition was detected, fiirtlier experiments were performed to 
determine if the antibiotic remained active in tlie R2A medium after the 
organism was removed. In addition, the stability of tlie antibiotic activity and 
the effects o f local pH changes were determined.
Patterns of inliibition were present and all bioactive isolates inliibited 
one or more otlier bioactive isolates in the challenge experiments, but the 
degree of inliibition varied markedly, hi a number o f instances the inhibition 
was greater tlian that observed witli the original challenge organisms. No 
appreciable change occurred in tlie pH of the medium surrounding any of tlie 
growing bioactive isolates. The continued presence o f the bioactive 
organisms on the surface of tlie agar plates was unnecessary, and tlie
72
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inliibitory compounds in tlie media remained active over time. Tliis finding 
was tlie opposite of that previously observed during tlie surface-inducible 
experiment (see Chapter 4).
Introduction
Previous inhibition experiments centered on the inhibition patterns 
exliibited by the bioactive isolates against a variety of prokaryotic organisms 
wliich were not actinomycetes. Each bioactive isolate had a distinct pattern 
of inliibition toward other microorganisms. Although some of the bioactive 
organisms were isolated fi’om essentially the same geographic location and 
had similar patterns of inliibition, tlie antibiotic substance(s) produced by 
each isolate appeared unique. Tliis characteristic gave rise to the question of 
whetlier the antibiotic substances produced by tlie bioactive isolates were 
capable of inliibiting tlie growtli of otlier bioactive isolates in tlie group.
It had been demonstrated in tlie surface inducible experiments that tlie 
inhibitory substance produced by most of tlie bioactive isolates grown in 
liquid medium was unstable. A determination of antibiotic stability when 
produced on agar medium, witli and without the isolate wliich produced it, 
was performed to assess differences in antibiotic production in liquid verses
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solid medium. It was demonstrated botli here and previously (Shomura et. 
al., 1979) tliat inliibition in solid medium was dependent on maintenance of 
filamentous or colony structure. However, it was not known if tlie antibiotic 
produced by the intact colony was stable or had to be constantly synthesized 
by tlie isolates.
The patterns of inliibition between tlie organisms would help define 
each isolate's profile. Evidence of cross reactivity would also be important 
ecologically in that tliese organisms were originally isolated fi*om tlie same 
relative geographical environment and cross inhibition between tliem miglit be 
indicative of competitive ability.
Methods
The 12 bioactive isolates described in previous experiments were 
tested for their ability to inliibit the growth of one anotlier via tlie use of the 
modified streak plate metliod (Kuroya et al., 1949, modified by Shomura, 
1979). The bioactive organism being tested will be referred to as tlie test 
organism and tlie bioactive organisms used as challenge organisms will be 
referred to as challenge organisms. Each test isolate was line-inoculated onto 
the surface of an R2A plate in duplicate and allowed to incubate ovemiglit at
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28°C. The plates were tlien inoculated with each of tlie remaining challenge 
organisms, one per plate in triplicate. Tlie plates were incubated at 28°C and 
checked for inliibition over the following 3 d. Those plates exhibiting 
evidence of inhibition were noted for the type (i.e., sharp or partial zones) and 
size of the inhibitory zone. As with tlie previous screening experiments, it 
was determined that pre-inoculation with tlie test organism 24 h prior to the 
challenge organism inoculations was important in obtaining consistent 
inliibition profiles.
Plates giving evidence of inhibition were fiirther tested to determine the 
stability of inhibitory compounds in tlie medium. The inhibitory test organism 
was removed fi*om tlie R2A plate using an alcohol-flamed scalpel blade. 
Reinoculations were performed as previously described except tliat 
inoculations of the susceptible challenge organism were made perpendicular 
to the clean cut edge of tlie remaining medium (see Figure 5.1). New 
inoculations at the cut edge of media were made every 2 d for 8 d.
Inoculations of the challenge organisms were made botli inside and outside 
the previously documented zone of inliibition. Tlie experiment permitted tlie 
establisliment of tlie stability of the antibiotics witliin tlie medium, as well as 
determination of tlie continued migration of tlie zone of inliibition over time.
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Tlie pH of the medium immediately surrounding each of tlie bioactive 
isolates was determined to assess local pH changes during the growtli of 
organisms and the potential contribution of pH change to tlie observed zone 
of inliibition. Each of tlie bioactive isolates was inoculated in duplicate on 
R2A plates and were allowed to incubate at 28°C for 2 d to fonn a visible line 
of colony growtli. Strips of pH paper (colorpHast, EM Science Gibbstown, 
NJ) were placed onto tlie surface of the medium perpendicular to tlie line of 
colony growth with one end in direct contact witli tlie edge of growth. Tlie 
changes in pH in the media were noted by a change in the observed color of 
tlie pH paper.
Results and Discussion
The 12 bioactive isolates from Rainier Mesa and Yucca Mountain at 
the Nevada Test Site (NTS) were tested for cross inhibition. Each of the 
bioactive isolates was challenged witli tlie otlier bioactive isolates (Figure 5.2 
and Table 5.1). The degree of inliibition varied. Some of tlie isolates showed 
marked inliibition wliile otliers showed moderate or httle inliibitory potential. 
All of the bioactive isolates, however, exliibited evidence of inhibitory 
potential toward one or more of the group (Table 6.1). Tlie bioactive isolates
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were divided into tliree groups: (1) tliose susceptible to the inliibitory 
substances produced by tlie otlier members of tlie group, (2) tliose tliat were 
moderately susceptible and (3) tliose that were resistant (Table 5.2).
The inhibitory properties of the bioactive isolates may increase tlieir 
fitness ill tlie environment and may be important in competition witli other 
microorganisms including actinomycetes. Inliibition may be a by-product of 
a survival response by tlie isolate to environmental conditions of limited 
nutrient availabihty or dormancy. It has been observed that cultivation of 
actinomycetes in tlie laboratory involves tlie use of growth media that are rich 
in nutrients when compared to tlie limited nutrient availabihty in the 
environment. Tliis relatively nutrient rich cultivation can cause a loss of the 
filamentous ultrastructure in actinomycetes and hence may relate to tlie loss 
or diminution of production of inliibitory compounds in the laboratory, hi 
other words, tlie growth of actinomycetes on artificial nutrient sources 
(media) may induce tlie organisms to remain in tlie vegetative state in wliich 
filamentous growtli or sporulation is not necessary (Lechevalier, 1981).
Investigations into a possible pH effect revealed little difference in the 
pH of the medium immediately surrounding tlie colonies and tlie pH of tlie 
medium well away fi'om the line of colony growtli (Table 5.3). The
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differences of 0.2 - 0.4 pH units did not correlate witli the presence or 
absence of zones of inliibition. It was, tlierefore, tliouglit tliat local changes in 
pH had little or notlihig to do witli tlie presence or absence o f an inliibition 
zone.
The stability of inhibitory substances hi the agar media was 
hivestigated using plates on wliich tlie inliibitory colony was removed from 
the medium prior to inoculation of a susceptible challenge organism. In all 
instances, tlie agar remained inhibitory regardless of the presence or absence 
of tlie inliibitory organism itself. Tlie inliibition zone did not increase over 
time but remahied relatively constant in tlie absence of the producer colony. 
Tliis result suggested tlie presence of a compound in tlie medium which had 
reached its diffusion limits (Lennette et al., 1985). Tlie size o f inliibition zone 
hi general may in part be linked to the compound’s ability to diffuse, hence 
the size of the compound, as well as tlie inliibitory ability of tlie compound 
itself.
hi summary, tlie bioactive isolates produced compounds tliat inliibited 
the growth of each otlier. The zone of inliibition and tlie number of inliibited 
bioactive challenge organisms varied among tlie isolates and appeared to 
subdivide hito tliree groups that were susceptible, moderately susceptible and
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resistant to the bioactive test isolate. No local pH effect appeared to be 
responsible for tlie inliibitory results. The antibiotic compounds produced by 
tlie isolates were also stable in agar medium and remained static witliin tlie 
medium regardless of tlie presence or absence of tlie producing colony. 
Altliougli there appeared to be similarities in the patterns of some of tlie 
challenge isolates that were inliibited, the degree of inliibition from isolate to 
isolate varied. For example, the G tunnel isolates did not inhibit each other 
and did collectively inliibit each of the remaining bioactive isolates. The G 
tunnel isolates, however, showed differing patterns of inliibition when 
compared among themselves and so did appear to be individuals. In tlie case 
o f tlie G tunnel isolates, tliis data, as well as tlie morphological similarities 
between them, may provide some evidence that these isolates are closely 
related strains.
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Figure 5.1:
The method of removing a line of colony growtli from an agar plate 
witli subsequent moculation of a challenge organism from tlie cut edge of tlie 
remaining media. The bioactive isolate is removed, but tlie inliibitory 
substance produced remains.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CD■a
oQ.c
gQ.
■D
CD
C/)(/)
8
ci-
R2A culture plate
Agar medium
3 -
3"
CD
CD"OOQ.
O3■DO
&
oc
■o
CD
ww
o'3
Challenge
organism
inoculations
Agar with 
isolate excised
Agar removed
incubation
Cut line in agar
Bioactive isolate
Challenge organism  
lines of inoculation
Zones o f inhibition 
from the cut edge of 
R2A medium
Challenge organism growth
oo
82
Figure 5.2
The cross inliibition experiment in which bioactive isolates served as 
botli tlie test and challenge organisms. Tlie bioactive isolate used as a 
challenge organism in this figure is struck multiple times at a perpendicular 
angle to tlie test bioactive isolate. The challenge organism inoculations began 
close to the edge of tlie test isolate, and tlie gap seen between the growth of 
tlie organisms is the resulting zone of inhibition.
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Table 5.1. Cross Inhibition Analysis Between Bioactive Isolates.
Test Isolate -* 
Challenge Isolate 1
G1A3 GIRS GITS G4A10 TOTIS TOT19 TOT20 BTIOl BTI02 BTI03 NC2ST8 RAD4B
G1A3 2 mm 10 mm
G1R5 8 mm* 10 mm
GITS 2 mm 10mm
G4A10 8 mm* 2 mm 10 mm
TOT15 IS mm 2 mm 12 mm* 20 mm 9 mm* 5 mm 10 mm
TOTI9 15 mm 2 mm 16 mm 18 mm 12 mm 8 mm* 13 mm 8 mm 9 mm
TOT20 17 mm 4 mm 13 mm 19mm 8m m 3 mm 9 mm* 13 mm 10 mm 9 mm
BTIOl 16 mm 5 mm 15 mm 17 mm 18mm 5 mm* 4 mm* 6 mm* 13 mm 10 mm 9 mm
BTI02 19 mm’’ 3 mm 26 mm 19mm 22 mm 7 mm* 2 mm 18mm
BTI03 25 mm 11 mm 25 mm 21 mm 20 mm 1 mm 2 mm 20 mm
NC25T8 15 mm 8 mm* 11 mm*’ 22 mm 16mm 4 mm* 2 mm 8 mm 15 mm 10 mm
RAD4B 25 mm 2 mm 16 mm 24 mm 19mm 1 mm 15 mm
• Partial zone of inhibition.
*’ Partial zone of inhibition which extends past the recorded clear zone of inhibition.
00
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Bioactive Isolate Degree of susceptibility to other 
bioactive isolates
G IA 3 Resistant
G IR 5 Resistant
G1T5 Resistant
G4A10 Resistant
TOT15 Moderately Susceptible
TOT19 Moderately Susceptible
TOT20 Very Susceptible
BTIOl Very Susceptible
BTI02 Moderately Susceptible
BTI03 Moderately Susceptible
NC25T8 Very Susceptible
RAD4B Moderately Susceptible
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Bioactive Isolate pH a t the Bioactive 
Isolate
pH 15 mm away from 
the Bioactive Isolate
G1A3 7.3 7.1
G1R5 7.4 7.1
G1T5 7.4 7.1
G4A10 7.4 7.1
TOT15 7.7 7.4
TOT19 7.7 7.4
TOT20 7.9 7.7
BTIOl 7.9 7.4
BTI02 7.9 7.4
BTI03 7.7 7.3
NC25T8 7.7 7.4
RAD4B 7.7 7.4
The pH values were measured as a continuum away from the isolate, 
however, tlie data listed above are end point values only and do not 
reflect tlie continuum.
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Chapter 6
CHARACTERIZATION OF ANTIMICROBIAL SUBSTANCES 
PRODUCED BY BIOACTIVE ISOLATES
Abstract
A total of 95 actinomycete-like organisms were isolated from the 
subsurface at tlie NTS. Twelve of the 95 were found to produce compounds 
inliibitory to the growtli of otlier microorganisms. These antimicrobial 
substances were characterized by enzyme degradation assays, dialysis for 
molecular weiglit partitioning and heat stability determinations. Tlie 
inliibitory substances were stable when heated to boiling temperatures for 
short periods of time (10 min) but unstable when treated for longer periods (1 
h). The molecular weiglit of tlie inhibitory substances in tliose isolates able to 
produce them in liquid medium alone (TOT 15 and G1A3) was greater tlian 14 
Kd. Most of tlie products were susceptible to enzymatic degradation (except 
G1T5, G4A10 and G1R5) and tlie enzymes responsible for tlie degradation 
varied among the inliibitory compounds.
87
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Introduction
Actinomycete organisms that produce antimicrobial substances are 
common in nature; in fact, most of tlie naturally occurring antibiotics to date 
come from tlie actinomycetes. Antibiotic substances have been the center of 
much investigation in tlie past for mostly economic reasons, but tlie number of 
otlier biologically active substances produced by actinomycetes is large and 
quite diverse. Tliese substances include enzymes, antitumor and antifimgal 
compounds, insecticides, acaricides, anthelminthics, immunomodulatory 
agents, vitamins, as well as bacterial antibiotics (Nolan and Cross, 1988).
Tliis research has not attempted to investigate the compomids produced 
by the NTS isolates for otlier than antibacterial activity and thus the use o f the 
terms antibiotic or inliibitory compound in the discussion is limited to this 
category. The types of antibacterial compounds produced by tlie 
actinomycetes is also quite diverse and includes aminoglycosides, macrohdes, 
ansamacrolides, P-lactams, peptides, glycopeptides, antracyclines, 
tetracyclines, nucleosides, polyenes and quinones (Okami and Hotta, 1988).
In addition, correlation between tlie type of actinomycete and tlie type of 
antibiotic produced varies, that is, similar strains of actinomycete species 
have previously been shown to produce different antibiotics and different
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species have been shown to produce similar antibiotics (Okami and Hotta, 
1988).
During investigations of tlie bioactive isolates obtained from tlie NTS, 
it was observed tliat 3 of 12 isolates produced inliibitory compounds when 
grown in brotli culture and that 6 of tlie remaining 12 isolates were capable of 
induction of inhibitory compounds by the addition of exogenous surfaces.
Tliis chapter describes the nature of the inliibitory compounds 
produced by all 12 isolates, as well as tlie temperature stability of tlie 
antibiotics formed by the 9 liquid producible isolates. Correlations between 
morphologically similar isolates and tlie type of tlie antibiotic produced by 
them is also discussed.
Methods
hiitial characterization of tlie antimicrobial compounds produced by the 
bioactive isolates centered on T0T15 and G1A3. Isolate TOT 15 produced 
inliibitory compounds in brotli culture without tlie addition of an exogenous 
surface, and isolate G1 A3 formed an antibiotic weakly. Tlie isolates were 
grown in 50 ml of R2B for 3 days at 28°C witli shaking at 100 rpm. The 
spent broths were placed in sterile 50 ml Oakridge tubes and centrifuged for
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15 min at 12,100 x G in a Sorvall model R2C centrifuge. The supernatant 
was centrifuged again for 30 min at 30,900 x G. The resulting supernatant 
was filter-sterihzed and divided for dialysis and inliibition studies.
Antimicrobial compounds were tested by the well cut method. Wells 5 
mm in diameter were aseptically cut into tlie surface of an R2A plate with a 
flame sterilized cork bore connected to a vacuum line. Tliis procedure 
perfonned on an R2A plate previously spread with 200 pi of a susceptible 
challenge organism.
Approximately 5 ml of the filter sterilized supernatant was placed into 
eitlier 8 Kd or 12-14 Kd molecular weiglit cutoff dialysis tubing (Spectrapor 
dialysis tubing. Spectrum Medical Inc., Los Angeles, Calif.). The samples 
were dialyzed against 2 L of dHzO with constant stirring and daily changes 
for 5 days. Tlie dialyzed samples were filter sterilized and placed into wells 
(150 pl/well) of R2A plates previously spread witli tliree challenge 
organisms: Arthrobacter globiformis. Staphylococcus aureus and 
Escherichia coli (negative control). The plates were incubated for 24 hr at 
28°C and observed for signs of inliibition. Tlie dialysis process was repeated 
for all of the bioactive isolates to detennine if the lack o f observed inhibition 
after incubation in liquid medium was due to a dilutional effect. Tlie
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concentration of supernatant could be increased 4X by allowing tlie liquid to 
absorb into tlie agar repeatedly.
The susceptibility of tlie inhibitory substances to the enzymes Pronase 
E from Streptomyces griseas (Sigma), Proteinase K (IBI), Lipase Type I from 
Wlieat Germ (Sigma), Phospholipase-Aj from Porcine Pancreas (Sigma), 
Phospholipase-C Type XI from Bacillus cereus (Sigma), RNAse B Type III- 
B from Bovine Pancreas (Sigma), DNAse from Bovine Pancreas (Sigma) and 
a-Amylase from Bacillus sp. (Sigma) was determined. Tlie enzymatic 
degradation assays were performed by line-inoculating each of tlie bioactive 
isolates separately onto R2A and incubating for 48 h at 28°C. Tlie line of 
colony growth was aseptically cut out of tlie plate, along with two separate 
channels perpendicular to tlie original line of inoculation (Figure 6.1 upper 
and middle panels). Tliis allowed for physical isolation of tliree agar islands 
in an agar plate that unifonnly contained the same amount of inliibitory 
compounds. One of tlie agar islands was used as a positive control (no 
enzyme addition) and the remaining two agar islands layered witli 75 pi (50 
mg/ ml) of an appropriate enzyme. Tlie plates were incubated at 37°C for 24 
h to allow enzymatic degradation to occur. Tlie plates tlien were inoculated 
witli a susceptible challenge organism perpendicular to tlie original bioactive
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isolate growth line. Two streaks were prepared on each of the test islands. 
The inoculated enzyme-treated plates were incubated at 37°C for 24 h and 
zones of inliibition or lack thereof recorded.
To assess tlie heat stability of the inliibitory substances, liquid broth 
cultures of all bioactive isolates except TOT 19, TOT20 and NC25T8 (wliicli 
did not and could not be induced to generate antibiotics in liquid medium) 
were prepared. Wliere necessary, tlie liquid cultures contained an inducible 
surface as previously determined (Chapter 4). Replicate flasks (50 ml) of 
R2B, inoculated with the appropriate bioactive isolate, were grown for 3 d at 
28°C with shaking at 100 rpm with an inducible surface, as required by tlie 
isolate. Portions (1.5 ml) of the growth medium were placed into sterile 2.0 
ml Eppendorf tubes and centrifuged at 14,000 x G for 10 min in a Tomy 
microcentrifuge. The supernatant was heated in a boiling waterbatli for either 
10 min. or 1 h. Sterile 5 mm filter disks (Sclileicher and Schule) were 
aseptically dipped into tlie heat treated brotlis and placed on tlie surface of 
R2A plates previously spread with 200 pi of a broth culture of S. aureus or 
anotlier susceptible challenge organism. Control plates using untreated broth 
were also prepared, and all plates were incubated 37°C for 24 h.
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Results and Discussion
Screening of tlie 95 actinomycete-like isolates from tlie subsurface at 
the NTS resulted in 12 bioactive isolates. Tlie inliibitory compounds 
produced by tliese isolates were characterized by a number o f metliods. The 
first was centered on two of the isolates, G1 A3 and TOT 15, which had been 
shown to produce inhibitory substances when grown in brotli culture witliout 
the addition of an exogenous surface, hi tliese experiments tlie two isolates 
were grown in broth culture and the filtered spent broth dialyzed using 
dialysis tubing of two different molecular weight cutoff values. Inliibition 
occurred in tlie pre-dialysis sample as well as in botli post-dialysis samples 
from each isolate. Tlie results demonstrated tliat the inliibitory substances 
produced by botli G1 A3 and TOT 15 were of greater molecular weight tlian 
the cutoff of tlie largest dialysis membrane (12-14 Kd).
Dialysis and concentration experiments were used in conjunction to 
detennine if the apparent loss of inhibitory ability by the otlier isolates when 
grown in brotli could be accounted for on tlie basis of a dilutional effect. In 
other words, tlie lack of inhibition observed by these isolates in liquid 
medium, may have been due, in part, to a diluting out of tlie inliibitory 
compounds into the surrounding hquid medium and may not have been
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detectable by the methods used in this study. To counteract tliis potential 
effect, dialysis as well as concentration o f the spent broth from each isolate 
using the well cut metliod, was performed. Tlie results of these investigations 
indicated tliat inliibition remained absent in all otlier isolates (except RAD4B 
wliich was not part of tliis study) despite dialysis and concentration of tlie 
spent broths. The results observed lend support to tlie hypothesis tliat 
surface interaction and/or the maintenance of filamentous growth structure is 
important in tlie production of antibiotic substances in most of the bioactive 
isolates. Altliough tliis property has rarely been found previously among 
actinomycetes (Shomura, 1979), 12.6 % of the subsurface endohthic isolates 
demonstrated tliis property.
Enzymatic degradation experiments were employed to determine tlie 
nature of tlie inhibitory substances themselves. These experiments indicated 
that enzymatic degradation of some of the inhibitory substances did occur as 
observed by the inactivation of tlie zone of inliibition. Tlie enzymes Pronase 
E, Proteinase K, Phospholipase-C and Lipase Type I, affected one or more of 
the isolate's zones of inhibition (Table 6.1). Enzymes wliich universally 
showed no effect on inhibition included RNAse B, DNAse I, a-Amylase and 
Phospholipase-Aj. Tlie products of isolates BTI02 and G1 A3 were
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completely degraded by Pronase. Tliose of ( T0T19, TOT20, and BTIOl) 
were degraded to a lesser extent. The inhibitory products of isolates BTI03 
and G1 A3 were also degraded by Proteinase K. The inliibitory product of 
isolate RAD4B was exclusively degraded by Phospholipase-C and inhibitory 
products of isolates TOT15, NC25T8, BTIOl and BTI03 were degraded by 
lipase.
The inliibitory compounds of BTIOl, BTI02, G1A3, T0T19 and 
TOT20 appear, tlierefore, to be protein in nature. The product RAD4B 
appears to be phospholipid and those of T0T15, NC25T8, BTIOl and BTI03 
lipid. Additionally, inliibitory compounds from isolates BTIOl and BTI02 
had overlapping sensitivities to lipase and tlie two proteases and must, 
therefore, have sites on tlieir respective antibiotics tliat are cleaved by tliese 
enzymes. Altliougli tliese two isolates may appear from these data to be 
similar, they were each considered unique because of tlie PLFA dendrogram 
analysis, inliibition profiles, cross inhibition studies and otlier analyses.
Evaluation of heat-treated samples o f spent brotli culture was 
performed at boiling temperature for 10 min and for 1 h. Heat treatment of 
the spent brotlis revealed mild impairment of tlie inliibitory activity o f all the 
tested isolates after boiling for 10 min. Wlien boiling time was increased to I
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h, tliere was universal and apparently complete inactivation. Tliese data 
indicate that inliibitory compounds produced by the bioactive isolates were 
relatively heat stable.
It is apparent from tliis data tliat many of tlie bioactive isolates did not 
share the same antibiotic compounds. Tliere were, however, similarities in 
composition between antibiotics produced by some of tlie isolates, and tliere 
did appear to be some correlation between tlie morphological appearance of 
the isolates and the type of antibiotic produced. For example, tlie G tunnel 
isolates all appeared morphologically the same and produced similar 
inliibition profiles in tlie cross reactivity analysis; tliey also reacted in a 
similar manner to enzyme challenge, with tlie exception of G 1 A3. This data 
lends support to tlie possibility tliat tlie G tunnel isolates, for tlie most part, 
are strains of tlie same organism. Isolates TOT 15 and NC25T8 also reacted 
similarly to enzyme challenge and were morphologically similar. It is 
possible, therefore, tliat morphology could play a role in determining tlie type 
of antibiotic produced by some isolates.
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Table 6.1. Reactions of he Inhibitory Substances to Enzyma tic and Heat Treatments
Bloactive Isolate — 
Treatment 1
G1A3 G1R5 G1T5 G4A10 TOT15 TOT19 TOT20 BTIOl BTI02 BT103 NC25T8 RAD4B
Pronase E + + + + +
Proteinase K + +
Phospholipase-Ai
Phospholipase-C +
Lipase Type I + + + 4*
a-Amylase
DNAse I
RNAse B
Heat - Boiling 
10 min
NT NT NT
Heat - Boiling 1 h. + + + + NT NT + + + NT +
Empty boxes indicate no effect on the inhibitory compound by the treatment. 
NT = not tested
QO-v|
98
Figure 6.1:
Enzyme treatments depicted in the upper and middle panels.
The upper panel shows a positive enzyme degradation response in the 
Proteinase K test as evidenced by the growtli o f tlie challenge organism in tlie 
zone of inhibition.
The middle panel depicts a negative response to tlie same enzyme 
assays as evidenced by no challenge organism growth with in the zone of 
inliibition.
All inoculations in botli the upper and middle panels were begun at the 
cut edge o f the media (see Proteinase K line-inoculations in the upper panel) 
perpendicular to where tlie original bioactive isolate inoculation had been 
prior to its removal from the plate.
The lower panel is a depiction o f a zone of inhibition produced on a 
spread-plate of a susceptible challenge organism by a filter disk dipped into 
tlie spent brotli of a bioactive isolate, for comparison purposes.
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Chapter 7 
DISCUSSION
The tunnel systems in Rainier Mesa and tlie nortli portal starter tunnel 
at Yucca Mountain, Nevada Test Site (NTS), present a unique opportunity to 
investigate indigenous microbial communities. Deep tunnel layers have been 
physically and hydrogeologically isolated for at least 250,000 years, and 
possibly since diagenesis of tlie rock 12 -14 million years ago (Amy et al., 
1992; Russell et al., 1988; Story et. al., 1996; Chuck Russell, pers. comm ). 
The ability to obtain samples at various locations witliin a geological horizon 
allows for a rare opportunity to investigate microbiota o f tlie past, and tlie 
novel properties tliat tliey may possess.
This study was undertaken to survey filamentous, actinomycete-like 
microorganisms fi'om the deep subsurface at tlie NTS for their ability to 
produce substances inliibitory to other microorganisms (i.e., antibiotics). A 
screening process yielded 12 isolates possessing this ability. Because 
previous studies had shown difficulty identifying isolates fi'om tlie deep
100
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subsurface (Amy et al. 1992; Haldeman et al., 1993), and because 
actinomycetes are often difficult to identify, studies were imdertaken to 
produce phenotypic profiles of tlie 12 isolates. Tlie organisms were 
characterized for their abihty to inhibit a battery o f medically and 
environmentally important microorganisms. Otlier analyses included liglit 
microscopy of the organisms grown in botli broth and on solid media. Gram 
staining, oxygen requirements, BIOLOG plate analysis, MIDI analysis and 
PLFA analysis. Although a number o f tliese organisms appeared to be similar 
by colony morphology, tlie phenotypic characterization, coupled with cross 
inliibition experiments, provided evidence for the uniqueness of each isolate.
Because tlie responses of each individual isolate often varied, all 
experiments were prepared in replicates; witli entire experiments usually 
repeated more than once. Those organisms undergoing multiple passes in the 
laboratory seemed to exliibit the most variability, and tlierefore, consistent 
results often required fi'esh inoculations fi'om fi'eezer stocks. The response of 
individual challenge organisms was also inconstant. Tliis variability 
necessitated the pretesting of tlie susceptibihty of tlie challenge organisms 
before an experiment.
Once phenotypic and inliibition profiles for each bioactive isolate were
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determined, each isolate was tested for tlie ability to produce antibiotic 
substances on various solid media and in broth culture. Tlie agar medium 
R2A and liquid medium R2B were determined to perform tlie best for all 
organisms botli bioactive and challenge and was used for all experiments. 
Nine of 12 (75%) of tlie bioactive isolates did not possess tlie ability to 
produce antibiotic substance(s) when grown in brotli.
It was hypotliesized that some of tlie bioactive isolates would lose tlie 
ability to produce bioactive compounds in brotli and tliat antibiotic formation 
would be inducible if an appropriate surface could be introduced to the liquid 
medium (Shomura et al., 1979; Ito et al., 1984). The loss of inliibitory ability 
did occur, altliougli a few bioactive isolates remained liquid media-deficient 
and non-inducible under the conditions used in tliis research. Various added 
surfaces stimulated antibiotic production in 6 of 9 isolates found to be liquid 
media-deficient, and no common inducible surface was determined. The 
inducible surfaces ranged fi'om sterilized crushed rock (obtained fi'om tlie 
organism’s isolation source) to small glass tubes. The latter may have an 
interior surface tliat better serves as a biofilm initiation site than the external 
surface agitated in liquid media. Some of the exogenously added surfaces 
were chosen for their inlierent properties, such as the interior space of tlie
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
103
glass tubes, while the use of others was based on the previous research of 
otlier investigators (Ito et al., 1984). Tlie variety of surfaces used and tlie 
subsequent response to each was also used in characterizing each isolate.
The next area of investigation was directed toward the inhibitory 
substances tliemselves. A series of experiments was undertaken to give 
information about characteristics of these substances. The analyses included 
dialyzing tlie spent broth cultures of brotli-producing organisms for tlie 
estimation of molecular weight and tlie use of various degradative enzymes to 
determine the stability and resistance of tliese substances. Tlie latter tests 
were performed in tlie solid medium phase because all bioactive isolates 
produced inhibitory substances under tliis condition. Spent brotlis from 
surface induced isolates, were used for determination of tlie heat resistance of 
the inliibitory substances. Molecular weight estimations showed tliat tlie 
antibiotic substances, of those isolates tested, were larger tlian 14 Kd. All of 
tlie inliibitory substances produced in liquid medium were also shown to have 
diminished activity if subjected to boiling temperatures for 10 min., and loss 
of activity with boiling time of 1 h.
Other tests of tlie antibiotics had to do witli tlie stabihty of the 
inhibitory substance themselves. In the surface-induced experiments.
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antibiotics were of variable stability when produced in broth (surfaces added), 
witli most losing activity within a few days. The stability of tliese substances 
when produced on solid agar plates was also examined both in tlie presence 
and absence of tlie producing isolate. The inhibitory substance(s) remained 
stable in the solid medium phase. Tliese results contrasted witli tlie liquid 
medium data and lent support to the idea tliat a filamentous structure is 
required to produce a stable inhibitory product. The variability in tlie stability 
o f tlie inliibitory products in liquid medium could partially account for tlie 
periodic inconsistency of tlie data.
Most experimentation for this research was performed using fi-esh 
inoculations fi’om fi’eezer stocks because of variable results observed using 
cultures winch had been transferred a number of times. Multiply-passed 
cultures sometimes showed degradation or loss of their inhibitory potential. 
Wlien isolate G1A3 was grown, in the presence on an inducing surface, 
activity was regained. This result indicated tliat, for some of the organisms, 
the inliibitory substance production could be up or down regulated based 
upon environmental conditions.
The question of potential local pH effect, caused by tlie growtli of the 
bioactive isolates, was also considered as a possible explanation of tlie
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inliibition observed in at least some of tlie challenge organisms. A series of 
experiments was performed where the pH immediately adjacent to, and 
perpendicularly away from, the line of colony growtli of each bioactive isolate 
was measured. Tlie results of these investigations revealed some small 
changes in pH (a few tenths of a pH unit) from one location to anotlier, but 
was an insignificant factor with regards to the observed zones of inhibition.
Cross inhibition between tlie bioactive isolates was also considered. 
Experiments were performed to test the inliibitory ability o f the bioactive 
isolates against each otlier. The results showed that cross inliibition was wide 
spread among the isolates and that all isolates, without exception, possessed 
the ability to inhibit tlie growth o f at least one of tlie remaining members of 
the group.
In summary, tlie deep subsurface project at tlie NTS has provided a 
rich and novel source of bacterial isolates tliat possess unusual properties. In 
the course of tliis research project, a group of 12 isolates were studied wliich 
possessed tlie ability to inliibit the growtli of otlier organisms when grown in 
proximity to them; both each other and a group of medically important strains. 
Approximately 75 % of these isolates required a solid medium surface, or the 
addition of an exogenous surface to liquid culture, in order to produce
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inliibitory substances. Tlie percentage of surface-only producers was liiglier 
than would normally be expected in samples obtained from surface soil 
(Shomura et al., 1979).
Of particular interest was tlie fact that a number o f these organisms, 
altliougli appearing grossly similar, did in fact inliibit tlie growtli of each otlier 
when grown togetlier. There are ecological implications for tliese 
interactions. Antimicrobial activity may have been selected in tliis particular 
enviromnent, allowing these organisms to maintain a higlier level of fitness 
than other organisms in their environment tlirougli successful competition for 
nutrients. Additionally, actinomycete isolates are rare among tlie deep 
subsurface isolates, and therefore these 12 isolates may have some survival 
characteristics which are potentially unrelated to antibiotic production.
The prerequisite of a surface for some of tlie isolates (even an added 
exogenous substrate) to produce inhibitory substances is apparent from tliis 
research. Tliis requirement is probably a result of the necessity to maintain 
the filamentous or secondary structure of the cells in the production of a 
complete and stable inliibitory product. Tliese surfaces, eitlier solid media or 
exogenous surface additions, provide a foundation for tlie filamentous 
ultrastructure and hence tlie ability to produce inliibitory substances. It is not
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known how a filamentous ultrastructure promotes tlie production of inhibitory 
substances, indeed the vast majority of antibiotic-producing actinomycete 
isolates world wide do not require the maintenance of tliis structure. Tliere 
have been, however, a few reports over tlie years of actinomycete isolates 
that require surfaces for antibiotic production to occur. Tlie liiglier tlian 
expected percentage in tlie terrestrial deep subsurface, as evidenced by this 
research, may in fact be due to the nature o f tlie isolation source (rock). Tlie 
rock matrix fi'om wliich the microbes were isolated could possibly be 
responsible, in part, for tlie organism’s survival by providing a stable 
arcliitecture for maintenance of the filamentous structure. The surface- 
inducible or surface-dependent inhibitory substance production may simply 
be an indicator of tlie necessity for structure maintenance and may account for 
some of the response variabihty seen in tliis project, as well as the loss over 
time of an organism’s inhibitory ability.
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